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RELATIVISTIC PLASMA 


BEHRAM KurRSUNOGLU* 


NUCLEAR FUSION 1 (1961) 


DEPARTMENT OF Puysics, UNIVERSITY OF MIAMI 


CoraL GABLES, FLortpa, U.S.A. 


The relativistic transport equation 


for a one-particle distribution function is discussed. 


Transverse and longitudinal oscillations of a low-density plasma in the absence of external fields is 
considered by neglecting the collisions. Relativistic dispersion relations are derived and compared 


with non-relativistic theory. 


1. Introduction 


In principle it should be possible to formulate a 
relativistic theory of any statistical system. Namely, 
one can give a physical meaning to a relativistic 
distribution function 9. For a given law of force 
there exists a 9 which can be used to calculate averages 
of relevant physical quantities represented as func- 
tions of coordinates and momenta. Relativistically, it 
is not possible to introduce a particular model, such 
as hard spheres or elastic spheres, for the constituents 
of a statistical ensemble. We may, however, envisage 
an 8 N dimensional phase space for an NV -particle statis- 
tical system. In this case, because of the introduction 
of N different time coordinates (direct interaction 
method), we can no longer state Liouville’s theorem 
in the form it is understood in classical statistical 
mechanics. That is to say, the distribution function 
o as a function of NV time coordinates is not a constant 
of the motion. 

Instead of the usual collision frequency, relaxation 
time concepts or “hierarchy of relaxation times’, 
as in Bogolyubov’s formulation, one has to consider 
N-fold more parameters than in the orthodox theory. 
There are actually, in a fully relativistic theory, sets of 
relaxation times and sets of collision frequencies. For 
example, if 2@“ and pq“ (t=1, 2, .... N and 
u=1, 2, 3, 4) are coordinates and momenta in rela- 
tivistic sense, then our generalized phase space of an 
N-particle system requires 8N — (6N +1)=2N —1 
more parameters than the orthodox phase space. In 
a sense there is more information contained in a 
relativistic distribution function 9 than in the non- 
relativistic distribution function /, which is a function 
of (6N +1) variables. 

In the case of a single-particle distribution we have 
an 8-dimensional phase space and a distribution func- 
tion o(2,, p,) of the four coordinates and four 
momenta. In this case, as in ordinary theory, col- 
lisions are the basic mechanism for the change of 0 
with time. This is certainly correct for a gas consisting 


of neutral atoms and molecules. However, for a 
plasma, long range interactions, including retardation, 
are in some situations more important. 

Relativistic theories of plasma have been investiga- 
ted by others [1]. Recently Kuirmontovicn has 
derived a one-particle distribution equation of Vlasov 
type (i.e. self-consistent collisionless Boltzmann equa- 
tion). Simon and Harris [2] have developed a statis- 
tical theory for the radiation field of the plasma 
which puts particles and radiation oscillators on 
equal footing, treating both statistically. Their treat- 
ment is made relativistic (in three-dimensional sense) 
by replacing velocities by their relativistic expressions. 
The latter procedure is also used by DruMMonD and 
RosENBLUTH [3]. A somewhat similar approach to 
ours is discussed by Goro [4]*. In this paper we 
develop a relativistic theory by a direct relativistic 
definition of the distribution function and also of the 
phase space of one-particle distribution. 

2. Relativistic one-particle distribution 

We consider the time variation of a one-particle 
distribution function in an 8-dimensional phase space. 
Let o(x",p,) be a function of four coordinates 2” 
and four momenta p, with the following properties: 

(1) o = O over all phase space; 

(2) o tends to zero with p,— co (u=1, 2, 3, 4); 

(3) the time rate of change of o results entirely 

from collisions; 

(4) the distribution function 9 is normalized ac- 

cording to 


] 
i] oo v'do, d*p = const., (2.1) 
where 
vdo,d‘p=dl (2.2) 
is the phase-space element of one-particle distribution 


and where 


Pan (2.3) 
dt 


* This work was performed during summer 1960 while the author was in the Neutron Physics Division, 


Oak Ridge National Laboratory, Oak Ridge, Tennessee. 


* The present theory differs from the recent theory by Watson, BLUDMAN, ROSENBLUTH [5] only in being 


manifestly covariant. 
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dr is the proper time element. The above definition 
of phase space element was also used by KLiImonto- 
vicH [1] and it is, of course, suggested from the usual 
definition of the four-current vector where one inte- 
grates the current density over a space-like surface to 
express conservation of electric charge. The definition 
of dJ’,; as given by Eq. (2.2) shows clearly that it 
is an invariant. The function 9 as defined by Eqs. 
(2.1) — (2.4) will be regarded as the relativistic 
distribution function of the statistical system. It is to 
be understood that 

odl, (2.4) 


is the probability that the phase-space trajectory of 
the particle will intersect the hypersurface element 
do, at a point x“ with the values of momenta around p,. 

The relation of the 8-dimensional distribution func- 
tion 9 to a 7-dimensional distribution function f is 
given by 


fodpg, (2.5) 


. 


f(r, p,t) 


where the integration is over the fourth component 
of p,. The normalization of f is defined by 


( f fo do,.d8p- = const. (2.6) 


In non-relativistic limit (c — co) it reduces to 
| f,d*rd? v= const., (2.7) 


which is the usual definition of normalization for 
one-particle distribution functions. The function f, is 
related to f by 

fo = Lim (fm' y*), (2.8) 


c— 


y= (ity. 


For a manifestly covariant theory, where one can 
directly recognize the nature of various terms in the 
interaction, it is more convenient to use the distribution 
function 9 rather than f/ defined in (Eq. 2.6). In our 
approach we shall not postulate a conservation law, 
as was assumed by Klimontovich, for 9 in phase space. 
We shall show in the following that the assumptions 
of Eqs. (2.1) — (2.4) are sufficient for a formal deriva- 
tion of relativistic transport equation. Moreover, our 
assumptions contain collisionless Boltzmann equations 
as a special case, since we did not posit the conserva- 
tion of o in advance. 

Now, if we consider integration over a closed hyper- 
surface, then the definition of normalization Eq. (2.1) 
van be replaced by 


where 


: | Pow do, d*p=0. (2.9) 


By using Gauss’ theorem we can transform this into 
a volume integration over space and time, 


if é (ove) d‘xd*p=0. 


Oxt 


(2.10) 
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The time rate of change of 0 is given by 
do Co 


pit Sin alle p" - 


dr Oxe 0 pe 


Co 
= (2.11) 
where 
° fa 
p= os , 
drt 
If we assume the existence of a relativistic Hamil- 
tonian H and use the corresponding Hamilton's 
equations of motion 
oH . oH 


. a= — » 19 
2 , 5 2.12 
. o pH Pu Oar ( 


then Eq. (2.11) can be written as 


de @(gv#) o(op") 


dr Oxt C pe 


(2.13) 


By integrating Eq. (2.13) over the 4-dimensional 
coordinate and momentum spaces and using Eq. (2.10) 
we obtain 


“. 


o pe 


(2.14) 


The integrations over the momenta on the right can 
be transformed into two-dimensional surface integrals. 
ry 

Thus 


| Cle pe) 


© pr 


d* pd py = [(v, -(op) + e (Pe) a? pdp, 


CP 

= lo(p -d Sp) d py + | [oo] —Bp=0, 
as follows from the condition (2) above. Hence, we 
finally have 

( [o2 asad p = @ (2.15) 

JJdt “ Tt 
where there is no restriction on the volume integration 
over coordinate space. We may, therefore, consider 
the vanishing of the integral of do/dt over the 4-di- 
mensional momentum volume as the basic statement 
of (2.15). In this case we can chose to link this integral 
condition with the property (3) of 9; that is, we as- 
sume that the time rate of change of o results entirely 
from collisions*. Hence, from (2.15) we can infer the 


result 
do Oo 
dr \dr ) 


where the right-hand term represents the change in 9 
arising from collisions and its integral over the 
4-dimensional momentum volume is zero. 

We thus see that the Boltzmann equation for the 
one-particle (or single phase-space trajectory) distri- 
bution is formally given by 


Co ‘ Oo O 
@ pe ét]e 


(2.16) 


(2.17) 


The form of (@0/ét)- for a plasma, where electro- 
dynamic forces constitute the basic interactions, can 


*The integral of (@0/ét)- over momentum space 
vanishes, since collisions cannot change the total number 
of particles per cubic centimeter. See page 96 of SprrzER 
[6]. 
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in principle be obtained from a “relativistic hier- 
archy’’. 

It is to be noticed that we did not use any particular 
definition of the momentum variables. We are, 
therefore, permitted to choose the usual definition 


of relativistic momentum by 


DP, = MY, (2.18) 
and rewrite Eq. (2.17) in the form 
Co , €0 Oo 
pt 2 +. Fu 22 - | 2), (2.19) 
m Orr Co pt CTi/c 
where 
° e€ 
Fe = 9* = “Wn 2.20 
E mc IP, ( 


is the total electromagnetic force and f,, is the 
electromagnetic field. We may use the definition 
(2.20) and record Eq. (2.19) in the following forms 


Co e £ Co 
a - - uv = —— 9 9 
P Ore c f Ps op - | ot ) (2.21) 
or 
1 co ie co 
py —— + H” Diw0 —} , 2.22 
m Cxt 2me f° Lue et le ( ) 


where the Hermitian operator L,,, is defined as 


how i( Pag — Po so) (2.23) 
and obeys the same commutation rules as the angular 
momentum in quantum mechanics. It is particularly 
useful for the discussion of cyclotron behavior of a 
plasma in the presence of an external magnetic field. 

Eqs. (2.21) and (2.22) in 3-dimensional notation 
assume the forms 


Cf . 
2 tv. Vo+ (cr n 
ct ™ 


: 7x B) -Vpo 


"(2 
y otic 


é 


e ~~ & 
(v- E) : 


c CPo 


(2.24) 
and 
ha | _ ohn ie yl . 4 - - 4) (52) 
= + Vo 4 ae (B-L+E-M)o=} arte? 
(2.25) 
where the operators L and M refer to space and time 
parts of Ly». 
Integration of both sides of Eq. (2.24) with respect 
to py over the interval (py= — co, py= 
to 


co) leads 


ef 
ct 


+v-Vf+ ( E+ *vx B) Vf = (<1) , (2.26) 
c Ot Ic 
which differs from the non-relativistic Boltzmann 
equation only in the third term where the gradient 
operator Vp is defined with respect to relativistic 
momentum, and also in the form of the collision 
term on the right hand side. The result (2.26) as 
obtained from (2.24) is based on the assumption 


| 


o(E) = 0 (— EB), (2.27) 
where 


E=cpo. 


RELATIVISTIC PLASMA 

The assumption (2.27) implies equal probability for 
both positive and negative energy particles. The 
creation of positrons for plasmas of temperatures 
above 1 Mev is conceivable, but the effect, being 
purely of quantum mechanical origin, cannot make 
much sense in classical formulation since positrons 
are produced by quantum transitions and not by a 
continuous process, where, at a given time only 
“part of the positron’ could be made.* 

A relativistic Maxwell distribution would have the 
general form 
Vv p* + m? c?) 


Om = A (exp (— c¢ po/x T') b (py 


exp (¢ po/x T) d (py + V p? + m*c*)] ny, 


where 
A —_— 2.28) 
4-=m'c3 Ky («) 
mc? 
os — 
x7 


and the Bessel-function of the second kind is 


Ky, (a) 


—~ — >) [exp « cosh uw) (sinh u)?2"da. 
vu ; ”4 a 
" ( 


) 
Negative energies will not be included in our dis- 
cussions and we shall therefore take for the relativistic 
Maxwell distribution the expression 


Om = Aexp(—c po/x T) 6 (py— V p? + m*c?) ng, (2.29) 


which for the f distribution becomes [7] 


fim = { om d Po A exp | 2.30) 


9 9 9 

av l + p?/m* c?] n,. 
In terms of Fourier transforms 

4xie | ) 

me 2x 


(exp (i k,, 2%) 


fav (2) 


kyu pv’ — ky py’ ‘ , 
Pe EPH 9 (k, p’) atk d* p 
and 
o(k, p) = | exp ( ~kyx*)o (x, p)d*a. 

The collisionless Boltzmann equation [obtained from 
Eq. (2.21) with (@0/ét)-=0] can be written as 

’ em 1 6 gep*-—qpe 
o (k, p) me? p,k* 473 | qa 7 


o(k : 
0(q, Pp’) <s . an P) d‘ qd‘ p’ (2.31) 
The current density is given by 
= (x, p) p, d* p. (2.32) 


me | - 


J, (x) 


3. Relativistic dispersion theory 


We shall consider, as a simple application of one- 
particle theory, a one-component plasma, the electron 
gas. The study of the existence of plane waves with 

* Another way to deduce Eq. (2.26) from (2.24) 
can proceed with an “‘Ansatz” of writing 0 (py, x“) 

F (pe, x) 6(E—ey p*? + m*c?) mc?/|E}, 
method used by Kiimontovics [1]. 


which is the 


tw 
_ 
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frequency w and wave vector k in a high temperature 
plasma is of some interest. In non-relativistic theory 
this problem has been investigated by others. CLEM- 
mow and WItson [8] have used a three-dimensional 
relativistic formalism and obtained dispersion rela- 
tions for the coherent longitudinal oscillations of an 
infinite plasma. Their investigation does not include 
a discussion of transverse waves and also justification 
of the use of divergent integral to derive a dispersion 
relation is not simple. 

A paper by Van KamPEN [9] contains a detailed 
discussion of various points of views on the dispersive 
properties of a plasma. He points out that the dif- 
ference between results obtained by various authors 
have their origin in mathematical difficulties and that 
a careful analysis of the eigenvalue problem should 
resolve these differences. Van Kampen’s claim is 
entirely correct and this problem is now solved un- 
ambigously. 

For small longitudinal oscillations of an electron 
gas in the absence of collisions the dispersion equation 
for low temperatures obtained by Vuasov [10], 
Lanpav [11], Boum and Gross [12] is 

‘i , saef r P 
w? = wp? + = | (3.1) 

The results obtained by CLEMMow and Wizson [8] 
and by Berz [13] are slightly different from Eq. (3.1). 

The main contributions of this paper to the 
dispersion problem can be summarized as follows: 


1) We use a fully relativistic theory and the 
corresponding dispersion integrals are integrated 
in a covariant way. There is, of course, no 
restriction on the range of thermal motions of 
the electrons. 

2) The use of the retarded propagators of the 

electromagnetic field together with the free 

particle propagators define an_ initial-value 
problem. 

Both non-relativistic and relativistic dispersion 

relations for transverse and longitudinal waves 

are derived and discussed. 


3 


— 


In most situations the time evolution of a statistical 
distribution is not of direct physical interest. Never- 
theless, in solving the initial-value problem one also 
obtains certain stationary solutions that fall within 
the domain of direct observability. 

Now, let us assume that the Fourier transform of 
the relativistic one-particle distribution is of the form 


o (k, p) = (27)* no Om (p) 6 (k) + 0, (kp). (3.2) 


where 0, (k, p) represents a deviation from equilibrium 
state. Eq. (2.31) is then linearized and we obtain 
the eigenvalue equation 

: L wp* Py i C Om 
01 (k, p) = ce pak= kgk® ope 


x | (k" p’*— k” p’*) 0, (k, p’) dp’. 


. 


(3.3) 


This equation is assumed to have a complete set 
of eigenfunctions corresponding to each k,. The 
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solutions of direct physical interest can be separated 
out by deriving from Eq. (3.3) an equation for the 
charge-current distribution of the plasma. The Fourier 
transform of the 4-current is given by 


J* (k) (0, (k, p) p* dtp. (3.4) 


6 
ome, 

On multiplying both sides of Eq. (3.3) by the vector 
p’ and integrating over the p-space we obtain 


7 p” 
J’ = 


= i . (ke yj Lv J") ° PY Py C Om d4 p. (3.5) 


pp ke ope 
Integrating by parts and using the fact that 0», tends 


to zero for infinite values of the momentum we obtain 


2 [pv pr\ a4 
é pe \ kp pe Ja P. 


— Wp* 1 v v bu { 
J C2 ka kx (J" k — J ke )| 0 m 
which can be written as 


J? Wp” kv 


2 f I y 1 4 92 

c2 ka ka = 1) = Wp” J! | 72 I, a F ka kex I,) (3.6) 
where 

a lf py asi 

lio zt va Om (p) d* p (3.7) 

amen. waitin r P? Pu 4 28 


and where we used the conservation of current 
J*k,=0. (3.9) 


We shall choose for equilibrium distribution 0, 
the relativistic Maxwell distribution. In this case 
Eq. (3.7) becomes 
I= l a | pv 6 [py —V p? + m*c?] 

- 42(me)3 c Ky (a) ky Pp —K-P 


x e-Pe*Td3ndp, (3.10) 


The only non-vanishing integrals refer to the fourth 
and third components of J”. The integral J* is, because 
of the relation 


elvk,=1, (3.11) 
a linear function of J,. The integral J, is given by 
i ] a 
0 ~~ 4x(me)3 c Ky («) 
a ot el een f... /1 + m2 c2/n2 
. Pp m?* c* exp [— «V1 + m?c?/p?] dp (3.12) 
/ ky V p? + mc? —k- p 


where cky=. The integrals J,” are expressible as 
functions of J, (see Appendix 1). 

The relativistic dispersion relations follow from the 
determinental condition obtained for the existence 
of a current distribution J*, from Eq. (3.6) as 


2 2 
€ Dp~ Wp” 


— 1 « . 

l w2 7 k2 c2 c2 I, (3.13) 

Wp* + k2 ¢2 7 . - 20 wp? 4 
w?— kee? ~ %P Bm * ot—ke? Iq : (3.14) 


The dispersion relation Eq. (3.13), describe 
transverse modes of the plasma. The dispersion 
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relation Eq. (3.14) refers to longitudinal oscillations. 
Thus the transverse and longitudinal modes, because 
of the absence of an external magnetic field, are 
decoupled. The above equations are valid at all 
temperatures and for all wavelengths of a disturbance 
set up in the plasma. The dispersion relation (3.13) 
is doubly degenerate; it is a consequence of the 
linearization process adopted for the collisionless 
Boltzmann equation*. For 7'=0 the dispersion 
relation, Eq. (3.14) reduces to w?= w,?. 

We shall first discuss the non-relativistic theory. 
We have two reasons: (1) to give a rigorous derivation 
of the already known dispersion formula, (2) to 
develop a method for the non-relativistic theory 
which can be extended to relativistic theory. We 
shall use two methods. 


3.1 DIRECT INTEGRATION METHOD 


In the non-relativistic limit (using the expression 
for relativistic momenta and making c tend to infinity) 
the integral Eq. (3.12) becomes 

N_ a \3/2( exp(—a v?/2 c?) a er 

IgX = | eT d*v, (3.15) 

where small positive imaginary part e specifies the 

initial-value problem. It is equivalent to fixing the 

direction of flow of time, i.e. the ‘irreversibility of 

the system. The latter leads to Landau damping of 
plasma waves. We can write Eq. (3.16) as 


2xc? 


, l j - — . ( -~a 2 2) : 
ee | I ] ; 
I 7: Z| 2x u+yc E dy, (3.16) 
where 
ee | 
L ines ke oP ae 
Up = phase velocity (3.17) 


and where we have performed the angle integrations 
and then we have integrated by parts once. By 
writing J,‘ in the form 


IN = =, v2. [ [dwexp[+iu(u+y+ie)] 


co 0 
x exp(—ay?/2)dy, (3.18) 
we can carry out the integrations and obtain 
yu 
1 oe 20 f Ie . |/an o 
1X = . e- 22 |e e#2 du — i \ —e-ana F 
D a y4 @ 
0 
(3.19) 


where the first term refers to the principal part of 
the integral arising from 


Lim . —=P : —ird(u+ y) . (3.20) 
eusa P+ H+ ie u+y 

* Non-linearity of the collisionless Boltzmann equation 
together with its self-consistency implies a certain non- 
linearity for the electromagnetic field of the plasma. One 
ought to expect some new effects from a close study of the 
non-linear theory of the plasma. With all its virtues and 
vices, together with its severe limitations, the linearized 
theory has been emphasized in the literature. 
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The imaginary part of Eq. (3.19) refers to Landau 
damping. 

The non-relativistic limit of the dispersion relation, 
Eq. (3.14), is given by 


1 2 d Io% 
- Mp 


(3.21) 


d @ 


This agrees with the usual dispersion formula. 


3.2. DIFFERENTIAL EQUATION METHOD 


A Hermite function with imaginary argument and 
of order —1 satisfies the differential equation 


dy dY 


da? * dz 


+ Y=9Q. (3.22) 
The integral of Eq. (3.16) is a solution of an equation 
of this form, where the independent variable is wy. 
Thus, by solving the equation 


d? Ip d Io “—_ 


s- + pe - a Io 0 (3.23) 
dp? du 


we can have J,‘ integrated. From (3.23) we obtain 


d Io 


N — 
ia a ule D, 


(3.24) 
where D is a constant independent of ~ and where 
we assume the uz contains the small positive imaginary 
part +-ie. The constant D must be defined by using 
the integral (3.16) in Eq. (3.24). In this way the 
resulting expression becomes the actual integration 


of Eq. (3.16). Hence 


l a [{ exp(—ay?/2) 
aden ~ ke | , (un + y+ie)? dy 
a fl «a f exp ( a y?/2) 
ke | = ut+yt+ie dy 


co 


x a [ Be x 
= e ay*/< d ¥= 
és | >= I~ ke 
The differential equation is now reduced to 


dJI,% 


® or 
du (3.25) 


r i 4 
tap tgv= >. 


The solution of this equation without the right 
hand side suggests the substitution 


IN e an? g (4) b 


Hence we find that 


uu 

ae-—awe/2 ¢ — 
P je zee du 
- 


IN = 9 (0) e- 2" (3.26) 


where g(0), as follows from Eq. (3.16), is zero. When 
¢ tends to zero, the above integral (3.26) tends to the 
principal value of (3.16). The imaginary part also 
satisfies the differential equation Eq. (3.23). We 
shall now extend this method to relativistic theory. 
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By using polar coordinates and the substitution 
p=mesinhg@, 


the relativistic integral can be written as 


oo 1 
ps “ a*® ¢ * sinh? p (e — «cosh ¢g) 
1, = 2keK,(a) da? | a ?| “cosh g — x sinh ¢ dz 
0 -1 
or 
a aA 
—— a’ oon 
1y= ck K,(a«) da? ’ med 
where 
fos) 1 
= l ( [ sinh? ¢y (e— acosh¢) 
2 4 J peoshp — xsinhp 
0 1 
lr . , neosh@ + sinhg 
oe 1S — acosh 
2 | dg sinhpe lo Fes —sinh® |° 
0 
Integration by parts leads to 
1 , -¢ y ex a /\ 1. a2 
A= 5,V1+1? | da | wn A (3.28) 
2a n+y+ile 
a — co 
where 
y = sinhg¢ 
] 
‘= . (3.29 
f V1 + 7? 
We now write 
, ~_ 1 j exp(—avV/1 Be y*) da 9 « 
I(x, ) = 5; | ere Y (3.30) 
and record A in the form 
l F . 
A= ZVI + 9? | al (a,n)da. (3.28’) 





a 


The integral Eq. (3.30) can be compared with the 
non-relativistic integral Eq. (3.16). But in this case 
the existence of branch points in the integrand poses 
an entirely different problem. Application of the com- 
plex integration method is found quite impractical. 
We shall follow the differential equation method 
used for the non-relativistic theory. This method 
takes correct account of the branch-point integration. 

It is easily seen that the integral Eq. (3.30) satisfies 
the integro-differential equation 


a? I df r 
dg + qq Jeldetfalde=0, (3.81) 


where 7 has its usual small positive imaginary part. 
This equation is a generalization of the non-rela- 
tivistic Hermite function of imaginary argument of 
order —1. 
It can be integrated once to give 
oo 


dl 


ong a "| alda=B, (3.32) 
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where B is a constant independent of 7. By using the 


integral (3.30) in (3.32) we can evaluate the constant 
B as 


> dali 2 
B=| exp ( md. 1+ y’) dy=K,(«); (3.33) 
3 Vi+y? 


thus the equation reduces to 


dl , 


ds (3.34) 


nfalda = Ky (a). 
0 


The imaginary part of the integral J follows from 
(3.20) and (3.30) as 

Im (I) = =. exp (— «V1 + 7?) (3.35) 
and it satisfies Eq. (3.31) and also Eq. (3.34) without 
the right hand side, K,(a«). Hence for the most 
general solution of (3.34) we can find that the real 
part Rel of J is given by 

: , 
Re I =| Ky(aV1+7?—w®] du 


0 


(3.36) 


For a different evaluation of J, see Appendix 1. 
The complete integral is the sum of real and ima- 
ginary parts defined by Eqs. (3.36) and (3.35), 
respectively. Hence, the integral A, as follows from 
Kq. (3.34), is given by 

sins 1 K, (a) — 1 dl 


om ap dyn (3.37) 
where 

n 

y, of K,[a(1 + n?—u?)"/2] ld 

> a lL. 2 ot > 

Re A=V1+y | (+? — way? du (3.38) 

The dispersion integral J, can now be calculated from 

Eq. (3.27). 


4. Discussion of dispersion relations 


We begin with the non-relativistic theory. For 
temperatures low compared to 0.5 Mev (i.e. for «> 1) 
and for wavelengths 


D9 =a 
a > at v ; (4.1) 
@ 
where A=2z/k, the integral 
; la [ exp (—ay?/2) 


because of the cutoff in the velocities brought about 
by the above assumption and Gaussian nature of 
Maxwellian tail, can be expanded (this is the usual 
procedure). The result is 

dIN 1 Bk? ‘ 

do ~ ow aw (4.2) 
This together with Eq. (3.21) leads to the dispersion 
relation Eq. (3.1). The above procedure is, of course, 
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ambiguous, but it happens to be correct in a certain 
approximation as will be demonstrated below. The 
approximation is that the phase velocity of the par- 
ticles is much larger than the thermal speeds. 

The dispersion integral of the non-relativistic theory 
can be written as 


x 
J 2 of ou? .V 
I ze-** |e du —i 
@ ¢ 


*ze-**, (4.3) 


@ 


0 


t= /& 
= |/>H- 


where 


It has been shown by Sakamoro [14] that the 
functions 


x 
G(x) =+e “lewdu, 
0 
4 
H (x) =e-* few du 
0 


as x tends to zero G1, H-0, and also as x oo, 
G+0, H-0. For x=>3.6 they can be expanded 
according to 


; ] 2 

G (2) 272 1 — (222 ae Koran 
= 22 

H (x) = 272 — 1 ia. ore 


Therefore, for large enough 2 the dispersion integral 
I,’ can be expanded as 


LN = ] iy aw?+1 . 1Oan?+2 
.~ (au*?—1)? © (au?—1)4 


@ 


where we neglect the imaginary part of J,. Hence 
I, can be approximated as 


.2 2 
LN~ . 1 — k? « 
_* w a m2 ni 3 
wo o “aw 
and 
dI,N 1 3k? c? 
do w?* a ot 


which yields the previous approximation. The dis- 
persion relation Eq. (3.1) is, therefore, correct. 
At zero temperature of the electrons we have 


Iy = IM = — (4.5) 


I, = 0. 
In this case from Eqs. (3.13) and (3.14) we find that 


w* = k*c? + w,? 
and 
w? = Wp’, (4.6) 


respectively. The longitudinal oscillation (4.6) was 
first derived by Tonks and Lanemoutr [15]. 

Now, because of the dependence of the parameters 
a and uw on various physical constants and variables, 
it is important to distinguish between physical situa- 
tions that correspond to the same orders of magni- 
tudes of « and yw. For example, a large « can either 
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correspond to a correction to the non-relativistic 
theory of order v?/c? or to a situation where the 
temperature is low. Also the parameter u can be made 
small either in considering relativistic corrections or 
by setting up a short wavelength disturbance in the 
plasma. 

The non-relativistic limit of the integral (3.38) can 
be obtained by the following steps: (1) we first trans- 
form the integral (3.36) by making u=yzx so that the 
limits of the integral are independent of 7, and (2) 
the parameter 4 for any given non-zero w and k 
tends to zero with coo. Thus the largest term in 
a (1 +7?)"/? is au? since other terms are either cancelled 
or tend to zero with cco. 


4.1. TRANSVERSE AND LONGITUDINAL OSCILLATIONS AT 
LOW TEMPERATURES 


The first order thermal effects are contained in the 
assumptions 


a>, aw? > 1, and p? <1. (4.7) 


From the expressions for 7, J, and A we find that 


= ‘| = o-a(1 -_ a 
- | 3 
a 2« Mu ay au 


1 k2 ¢2 2 
“ - +4 


I, = (4.8) 


w aw aq@m 


The expression for J, differs from the non-relativistic 
I, only in the existence of the third term in Jp. 
The expression for the dispersion integral J,' is given 
by 


hi ie tae, (4.9) 


4.1.1. Transverse frequencies 


The dispersion equation for transverse waves, as 
follows from Eqs. (3.13) and (4.9), is 


2 
6 9 9 9 Op 9 6 
-w* (wp? k2 c2) — P_ R2-2 —Q. (4.10) 
Hence the corresponding transverse modes of the 
plasma are given, approximately, by 


op x T k? 


2. 24 pte? + 
aa) = ‘. c2 + . ——— 
1 Po M (wy? + k* c®) 


(4.11) 
Wp" x T k? 


9 
w,* = , ag 
. mM (wp? + k* c?) 


(4.12) 

The second solution @, is not consistent with our 
original assumption au*?> 1 and therefore it can be 
discarded. Our results, Eqs. (4.11) and (4.12), agree 
with the calculation of BERNSTEIN and TREHAN [16]. 


4.1.2. Longitudinal frequencies 


For longitudinal waves, from Eqs. (3.14) and (4.8), 
we have the dispersion equation 


3a" 


ot— wo op? (1 + ~)- k?c?=0. (4.13) 
\ a ad 
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The corresponding longitudinal frequencies are 


3xT roe wp* xT 


wo? = Wp? oe = ier ae (4.14) 
we = + ==* ke, (4.15) 


As in the transverse case the solution implied by 
the form of w,? does not exist since it is not consistent 
with our assumption au?>1. The new term in Eq. 
(4.14) is a second-order relativistic thermal correction 
to the usual dispersion formula, Eq. (3.1). 


4.2. DISPERSION RELATIONS AT INFINITE TEMPERATURE 


At infinite temperature the parameter « assumes 
the value zero. In this case from the integrated ex- 
pressions of J, and A we obtain 


ix 
2ck 


Lim y= — log [) + V(L + 94)] — 
= 


a 


1 ke+o ° 
‘oo [toe (55 )—in| (4.16) 


@ 


and 
, 1 ke+o , - 
aim A = 3 [toe (Go =) —inl, (4.17) 
where the imaginary part —iz arises from the 


Landau damping for infinite temperature. On sub- 
stituting (4.16) and (4.17) in the dispersion relations 
(3.13) and (3.14) we obtain for longitudinal and 
transverse modes the results 


ke o . 2\7 
tanh |“ (1 +s “)| 
oo wo =p” 


ke ke a? k2e2\ 
¢ ~ ( 
= tanh _ ot Be )| , (4.19) 


2 
Wp” 


(4.18) 


and 


respectively. These relations are exact and they contain 
the effect of Landau damping. The latter consists 
of replacing coth x in the absence of damping (i.e. 
neglecting the term —iz in 4.16 and 4.17) by 
tanh x as in (4.18) and (4.19). One of the solutions for 
the transverse dispersion relation (4.19) is 

w= ke. (4.20) 
From (4.18) and (4.19) we see that w@ is restricted 
according to 

wo > ke. 


However, for phase velocities much larger than c, 
i.e., for 
o> ke 


the dispersion relations (4.18) and (4.19) yield the 
result 


9 
o* = 3 Wp? + k?c?, (4.21) 
which holds for both longitudinal and transverse 
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modes. In the derivation of (4.21) we have assumed 
that the wavelength 4 = 2k! is restricted as 


A> ; 
V4 1 
where n, is particle density and r, is the classical 
electron radius. 
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Appendix 1 


The dispersion integral, Eq. (3.28), can be inte- 
grated with a different method. Using the substi- 
tution y=sinh t, the integral (3.28) can be ex- 
pressed in the form 


«cosh 7) 


1 — FP ex 
A V1 4 2? | ae 


: : —agz 
2a 4+ sinhr + ie 
i if ha 
— 5=—V1l+# jexp(idu) du 
2a J 


x | exp ( —a cosh t) exp (iu sinh t) dr. 
From using the formula 


exp (iw sinh tT) = = J, (iu)exp (nt) 


n oc 


~~ i" I, (uw) exp (nT) 


— 
we get 
A=— . VI+R2S i" {exp (iAu) In(u) du 
a% — e 
n=—oo 0 


x fexp (— a cosh t) exp (nt) drt. 


The definitions 


co 


K,(a) = 4 (exp (—a cosh t)exp (nt) dr 


and 


K, [V a? + u*| => Ky (a) In (u) i" 


n oo 





yie 


usi 


| A 


wl 


Th 


TI 


In 


de 


ar 


ns 
of 
of 
of 


er 


eT 





yield the result 


A Vis 


#2 jexp(idu) Ky[V 22 + uw] du. 
x . 


Now the imaginary part of A can be obtained by 
using the formula 


| K, ly V 2? + 6] cos (xy) dx 


0 


l 2? 9\ ”» 5 6 
a Ty? + y*)-*exp([— BV (y*+ y*)] 
where 
y>0, Rep>0. 
Thus 
l 4 , 4 / 9 9 “ 
Im A — 1+ 2 | Ky [\ a? + u?] cos Audu 
0 
9, °xP[—avl + #}. 


The real part of A is given by 


Re A V1+ 2? | Ky[v a? + u*] sin Au du. 
x . 


0 


In order to carry out the integration we use the 
definitions 


> 08 t 
K,(z) = |-——de. 
0 vere 
: : ‘exp | — a? (t? + 2?)| da 
Ve+2 V20 I 2 


and record the integral in the form 


Re A pa dad 


a 9-~ 
va 0 


| sin (Au) du dz 
j eo - - 
x [exp|- = xv (+ a*+- u’)| cost dt 
0 id 


V1 + 22 


sin Audu 
2a. 


x [exp| = ; a? (a? + u’)| x ‘exp _— : x *\dx 


+42 ( dx 1 
pA ak = exp (— 5 a? x2?§— ; = ) 
x - 


y er eo 
x Jexp (— = x u?) sin Audu 
0 
where we used 


ola basa Piss = 
5 t?) cost dt 3 ¥ 27 = exp | ——2z ‘| 


fexp — 
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Hence, using 


jexp — 5 x u*)sin Audu 
0 
A 
l 59 9 3 l 9 9 
9 Vx *)iexp(, wrx du 


0 


x exp | 


and the Laplace transformation (together with the 
substitution 2—t-!/2) 


, 

[atexp (— at) exp | pt) = Vap-'K, [Vap), 
0 

we obtain the result 


Re A V1-+ 72 | du K, [eV 1+ #—u?*] 


V1+ /-—u? 
0 
This can also be written as 
V1+7 ‘ é fle a 3 
Re A a [ Ko (x) — ai} Kola 1+ A2—u?) du}. 
0 
Hence comparing with Eq. (3.37) we get 
a 
Re J | Ky[av 1+ 72—u®] du. 
0 
Finally from Eq. (3.27) we find that 


V1+2 Bis “er 
0 


Re I, = 
where 
z=aV1l+ 2—2u. 
We give the integrals J,” and J, used in the paper. 
By using spherical polar coordinates with the wave 
vector k as the polar axis, it is easily seen that 


I, — I, = 
and 
I, — 2x A ( p® sin6 cosé dé 
" / ko p*? + m?c?— pkcosé 
J > — j 4 p* 
; exp ( 2| ! m? c? d p. 
Hence 


I,=— = x (dg cosh¢ sinh*@ exp (— « cosh¢) 


0 
1 
1 «x ff yweosh*¢ sinh? ¢ 
a ; : exp(—acosh@)dgdz 
2ck K,. | nooshe —aeinhe “7? P) ag 
-1 


I 


pl,— Ra ; (A.1.1) 


The integrals 


I,” = all Om d‘p 


a © 9 
= —| Tha pape ¢ (A.1.2) 
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could not be obtained by a partial differentiation of 
I’ with respect to k* since in that case we could 
not have used the spherical polar coordinates in the 
above form. Thus in spherical polar coordinates, as 
chosen in the above, it is easy to see that 

Reha == HG =1,=6- J? = 0. 


4 
The only non-vanishing integrals are 


DP, 2, 2, 1, B, I, 





where 
1 4 
R=f, R=—f. 
Now, 
] _ ] q pi" 4 
=o) happen? 
5 — 4 
=—TA . | E. 
COS) V/p? + mic? 
sin* 6 exp [— a (1 + (p/me)?)"/?} d0dp 
ky V p? + m*c? — kpcosé . 
- co 1 4 
=—nTA = fap| E 
cw Vv Pp? 4 m2 c2 
-1 


, (l—2*)exp[— «(1 + (p/me)?)"/?] dz. 


ky Vp? + mic? —kpx 
There are two terms to be integrated. The first term is 


5 


—1 


1 
p* exp [— «(1 + (p/me)?)"/?] dz 
V p* + m*c? 
0 


ky V p? + mc? —kpax 


co 1 
- sf * sinh? p (cosh? g — 1) exp (— « cosh@) 
= (me) | d | ky coshy — kx sinh dz 
0 -1 


oa or = [ae sinh? exp (— ‘ed coshq@) 
0 
1 


- f da 
“ J peoshg — x sinhp 


1 


dx 
un cosh@ — x sinh 


3 co 

—_ ime) [ag sinh*pexp(— a.coshe) | 
0 -1 

(mc)? d?A 

Kk da 


a @ 


on. 


The integration of the second integral 


1 


— 4 
L = | P 
2 J V/p? + m?c? 


x* exp [—a (1 + (p/me)?)| da dp 
uv p? + m* c? — px 


can be carried through in the same way by noting that 


1 
( x* dx _ pe? (p?+ m*c?) 
‘ uv p? + m? c2 — px p* 


\/p? + mc?+ p 2 p/p? + m* c? 
x log (“¥? p \_ Sev/et+ wt 
uv p* + m* c? — p P 
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Hence we obtain 
L, = p?| pv p? + m*c? log 


0 





uN ‘p? + mc? + p 
ur p? + m* c? — p 


x exp [—aV 1+ (p/mc)*|dp 


—2 [ p? exp [— «V1 + (p/mc)*] dp 
0 


an a OA os 3 4d /(K, 
= 2 u* (mc) da? + 2 (mc) 7 7° 
Finally we get 
1 ee @ P ; ac @A 
I ~~ "2k ' 2 Gea [(u?— 1) Io] vr 2kK, Go ~ 
(A.1.3) 
The integration of the remaining integrals is 


straightforward ; they are given by 


1 O ° 
= — oe ~ (ue I) (A.1.4) 
a _ 9 OLy ‘ 
=e = (A.1.5) 
3 _9 Os ; . 
i=—e “—e (A.1.6) 


Appendix 2 


The relativistic conductivity tensor is of rank 3 
and it has 24 components. 

By using the expression for the electromagnetic 
field of the plasma 


~~ . ku Jy — ky Ju 9 
fw=—4ni ka ke (A.2.1) 
in Eqs. (3.5) and (3.6), we obtain 
a 96 
J’ = = Ans f* (A.2.2 


where A’,, is the conductivity tensor, antisymmetric 
in the lower indices, 


Op” 


8xi 6, I, — 6,’ I, T 





y 
A, = 


its ~—as | 
c c 


where the only non-vanishing components are 


Ay wes a [= 5; = 14| (A.2.4) 
At, = nae I — 1,| (A.2.5) 
Wp” ; 

Ais = Gri [= R— : r— 14] (A.2.6) 
4 Wp? @ . : 
Ais= Sni I; : C2 i— | (A.2 i) 

2ThL 
i fh 
AM, = — 3 |5 8 — bh (A.2.9) 





In 


Th 


sto 


He 


Lit 


Li 


we 


an 


di 


|dp 


dp 





In non-relativistic limit we have 
N 
I, > Ig 


:I,=0. 


c2 3 


The non-relativistic limit of the equations (A.2.2), 


as follows from the definition of J,, must be under- 
stood to mean 


Lim J, = Non-relativistic charge density 
¢-> co 


Lim (cJ) = Non-relativistic current density. 


¢-? co 


Hence, using (A.2.2) and the results 


Lim Aj, = Lim Aj, = Lim Aj, = az wp? IN 
Lim Aj, = Lim Aj, = 0, (A.2.10) 
we obtain 
_ __ iop* 01%, 1, 
Jo a 4x art) k Ez 
an 08 01 be (A.2.11) 
m cw 
and 
i @p? — 
J=— rm INE 
— ine® LNE (A.2.12) 
m 10 =: 32.12 


Because of the Landau damping the scalar con- 
ductivity 
ine® ; 
Oo = — —— IN 
m 


(A.2.13) 


is complex. The complex value of the conductivity 
refers to the reactive properties of the medium. 


RELATIVISTIC PLASMA 


From the definition of J,’ it follows that at the 
absolute zero (7'=0) we have J,‘ (T 
in this case 


0)=1/@ and 


ine® 


(Oc) = (A.2.14) 


m 
is pure imaginery. This corresponds to the complete 
reactivity of the medium. 

For the relativistic plasma the medium has an 
unisotropic conductivity. 
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NUCLEAR FUSION 1 (1961) 


ACCELERATION OF PLASMA BY TRAVELING ELECTROMAGNETIC WAVES 


JACK KATZENSTEIN* 
DEPARTMENT OF Puysics, UNIVERSITY OF NEw MExIco 


ALBUQUERQUE, New Mexico, U.S.A. 


A type of plasma accelerator is proposed in which the plasma is confined in a magnetic field in 
the form of an accelerating cusp, the confinement resulting from the combined action of the magnetic 
field and the equivalent gravitational field of the acceleration. The accelerating cusp is produced by 
a transient wave on a suitable transmission line of constant characteristic impedance and increasing . 
velocity of propagation. Such a transmission line is in the form of a tapered solenoid suitably 
loaded with distributed capacitance to preserve constant characteristic impedance. An order-of- 
magnitude calculation of the performance of such a line is made and it is found that a line 3 meters long 
with a characteristic impedance of 12.6 ohms and an applied voltage of 300 kV can accelerate ¢ 
10'? deuterons to 50 keV energy. Several possible experiments on the confinement of hot plasmas 
using such an accelerator are described. 





1. Introduction 


A current approach to the problem of controlled 
fusion due to J.L.Tuck{l] known as “entropy 
trapping”’ proposes to heat and contain a plasma by 
accelerating a relatively cold plasma to a high directed 
velocity and injecting it into a cusped magnetic 


of the plasma in the thermalizing field, while the pre- 
sence of large numbers of cold neutral atoms result in 
a disastrous loss of energy through charge exchange. 
The method of plasma acceleration proposed in this 
report avoids these difficulties. The method is the 
containment of plasma by a magnetic field in the shape 


é : ee ‘ of an accelerating cusp, the accelerating cusp being Pi 
field configuration known as a “picket fence”. The 2 -hieved by a onediing wave on a a tl - 
directed —— of the plasma is randomized by transmission line. The plasma is effectively contained 
repeated collisions with the aor magnetic field and by a combination of a convex magnetic field and an ch 
ie thus converted to thermal internal a (Ww © equivalent gravitational field, the latter arising from th 
propose the term “convex magnetic field” to indicate 4h. acceleration of the magnetic field , 
a field whose lines of force are everywhere convex This idea was investigated first “ta a e 
toward a trapped body of plasma. This is to be (Qownig and DavENPORT [6] and by MarsHatt [7]. a 
contrasted with the current rather imprecise nomen- The results of the latter’s experiment were somewhat a 
clature “cusped geometry or “cusped magnetic inconclusive as the phase velocity of the traveling di 
field”’). Plasma configurations confined by such convex wave was the same order of magnitude as that of the ma 
maguets fields have been shown by BEEKowrrz, injected plasmoid so there was some question as to be 
Grap and RUBIN [2] to be hydromagnetically stable. nether the plasmoid acquired additional kinetic er: 
mop ented rs Nagra “ accelerated plseme should energy from the field. As will be apparent in the | 
build up a high-p plasma m & stable confining field. following analysis, a device on the scale of Marshall - 
A difficulty with this experiment lies in the methods 4 operating at this relatively low voltage of 20 kV z 
hitherto employed to generate and accelerate the could not be expected to exceed in performance the i 
plasmas. To achieve plasma temperatures of the order various types of plasma guns and for this reason the th 
of 10 keV plasma velocities of the order of 10° cm/s traveling wave accelerator was abandoned by him in I 
are required. Existing acceleration techniques 88 ¢.vor of a gun in which the plasma is driven by an f 
proposed by MarsHatt [3], Bostick [4], HARTMAN, accelerating sheath ; of 
CoLGATE and MunGER [5], etc., achieve velocities of ; lo 
the order of 107 cm/s which, if thermalized, lead to = 
temperatures of hundreds of volts. This critical 2. Order-of-magnitude calculation or 
factor of ten in velocity and one hundred in ion energy of 
seems to be inaccessible by the methods of the above We wish to obtain an estimate of the number of [r 
authors. Further, the acceleration techniques do not ions N of mass m that a transient traveling wave of tk 
contain the plasma during the acceleration process voltage V traveling on a transmission line of character- . 
or during transit time from the accelerator to the istic impedance Zp, initial phase velocity v, and final = 
thermalizing field configuration. Free expansion of the phase velocity v, can accelerate over this range of 

plasma reduces its temperature and permits a large velocity. The transmission line will be in the form of 0} 
amount of recombination to occur. The resulting a gradually tapered solenoid suitably loaded with d 
lowered conductivity reduces the containment time distributed capacitance in order to preserve constant S 
y 

* Present address: Laboratorio Gas Ionizzati (Euratom-C.N.E.N.), Frascati, Italy. k 
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Fig. 1 


PLASMA ACCELERATION 
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The approximate configuration of the plasmoid in the field of a semi-infinite solenoid. The shaded area shows 


the outline of the equivalent conical plasmoid used in calculations. 


characteristic impedance. The exact configuration of 
the line will be calculated later. Since the taper of 
the solenoid required for constant acceleration is 
very gradual, we will assume the field at the end of it 
is that at the end of a semi-infinite solenoid. The plasma 
under acceleration is assumed to form a perfectly 
diamagnetic plasma body (plasmoid) held in the 
magnetic field at the end of a semi-infinite solenoid 
by the equivalent gravitational field of the accel- 
eration. 

We assume that the plasmoid is an axially-symmetric 
spindle-shaped body somewhat as is shown as the 
dark outline in Fig. 1. Taking a cylindrical coordinate 
system with the z axis coincident with the axis of 
the solenoid and the origin at the lowest point of the 
plasmoid we assume that the radius of the plasmoid, 
ris an unknown function r(z) of the distance from the 
lowest point. If this function be known, then an 
exact solution of the problem is possible; since it is 
not known the solution must be expressed in terms 
of an undetermined factor y, a definite integral over 
[r(z)}?. An upper limit to y is 1/3 which assumes 
that the plasmoid is incompressible and conical with 
a radius a equal to the solenoid radius and a length h 
as shown by the shaded outline in Fig. 1. 

We seek the hydrostatic pressure py at the bottom 
of the plasmoid. Assume a barometric distribution of 
density corresponding to an isothermal plasmoid, i.e. 
0=0,exp (—z/h) where og, is the mass density of 
of the plasma at the bottom of the plasmoid and h 
kT'/mg the so-called barometric scale height. The 


pressure is then py=o,gh. To compute 9, we obtain 
the total mass of the plasmoid M by integration 


M = Nm = 05 (e-=/"x[r (2) dz. (1) 


0 


Introducing the dimensionless variables ¢=z/h and 


—&=r/a we obtain: 
M = oy rath|e*&(f) dl. (la) 
0 


Calling the definite integral y and equating the 


/ 
hydrostatic and magnetic pressures, we obtain 


Nmg B* 
ro = wes ’ (2) 


yrna* 2 Mo 

where B is the maximum value that the magnetic 
field can assume. In our case this is the magnetic 
field of a semi-infinite solenoid at a point far removed 
from its end, ie. B=, I/d where J is the current 
flowing in the solenoid and d the distance between 
turns. “» has its usual meaning as the permeability 
of free space in the rationalized MKS system of units 
which we adopt. 

If the acceleration is constant, g=v,*/2S where v, 
is the final velocity of the plasmoid—also the final 
phase velocity of the traveling wave if the plasma is 
diamagnetic (neglecting v,* compared to v,?). The 
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pressure balance equation then reads: 


Nm v,? 1 ia 


yrae 2s” 6 2 Ho d? ’ 
or 
y y S [(u7a*\ 7 , 
vazS(mee)p 


where N is the number of particles accelerated to 
kinetic energy Ex. 

The quantity in paranthesis is the inductance per 
unit length L’ of an infinite solenoid. In an accelerator 
of this type a/d will be a function of x, the distance 
along the solenoid, decreasing so as to increase the 
phase velocity of the wave. For our design, d, which 
is approximately twice the parallel-plate spacing of 
the distributed capacitance, is kept constant. 

We will specify all quantities which refer to the 
output or high-speed end of the accelerator by the 
subscript 2 and quantities refer to the input or 
low-speed end of the accelerator by subscript 1. 
To obtain the upper limit on N we use the smallest 
value of L’ ie. L,’. The inductance per unit length 
of the line is related to the phase velocity and the 
characteristic impedance Z, by 


e. 
_——* 
hence: 
—" Zo 
Va= Tr: (4) 


Substituting, we obtain the number of particles that 
can be accelerated by the line: 
, y 8 V? . 
e@ he &’ (9) 
where V is the voltage of the traveling wave, i.e. 

’ == IZ. 

As an example, consider deuterons of 50 keV energy. 
Vg is 2.24 10° m/s. If we take Z,—12.6 ohms and 
V=300kV, s=3 meters and assume y=1/3, the 
total number of particles that can be accelerated is 
N=2x10'7. It is seen that such an accelerator 
must of necessity operate at very high voltage. The 
efficiency of the line is calculated for two conditions 
of operation. If a wave is launched by discharging 
a condenser bank into the line then the energy input 
is given by VJt where 1 is the wave transit time. 
Thus the efficiency 7 is given by 

NE, y 
I= Vie 4° (6) 
If the line is initially charged to voltage V, then 
the input energy is CV?/2, where C is the total 
capacitance of the line and 


pe vi yaw 
_ . U, . —— 2 V, Zo r = 
_ CV?2/2 ; (x/Z,) V2/2 on (7) 


The fraction of energy converted into particle energy 
is thus twice as large for the latter case, as in the 
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former case half the input energy is stored as electro- 
static energy in the line. For y=1/3 the maximum 
efficiency of the accelerator is thus seen to be y= 1/6 
or about 16%. 

The characteristic impedance of the line is now 
calculated. The appearance of the line is shown in 
Fig. 2. It is essentially a parallel plate capacitor in 
the form of a long tapering strip which is spirally 
wound edgewise on a mandrel. The capacitance per 
unit length is calculated as a parallel plate condenser. 
The plate area per turn is = (R? — a?) and the plate 
spacing is d/2. K is the dielectric constant of the 
dielectric between the plates. The condenser plates 
and possibly the return current cylinder will be 
slotted to prevent tangential currents from flowing 
and thus permit the return flux to penetrate these 
structures immediately. 


_ 4nx9 K(R?—a?) 


veils d? 


(3) 


1 1 
: oo (< )’ _ (mo)? 1 (a/R)? 188.5 a 
ONC’) NN xg} 2K? [1 — (a/R)? ™ KR 


(9) 


Thus, if the ratio of the inner and outer radii of the 
turns is kept constant, the characteristic impedance 
will be constant. 

Let us obtain the physical size of the machine 
previously considered. 


rv a.? 
Mo ™ Ay 
d* 


L, = = 5.62 x 10-* henries/meter. 

If we keep d constant and equal to 2.5 em, a,=3 em. 
If we assume a plasmoid injected at 2.24 x 105 m/s, 
i.e., a velocity increase of ten to one we get for 
a,=(10)"?a,=9.5em. If we assume polyethylene 
(K=2.25) for the dielectric, we get for Z,: 


Z, = 125.7a/R. 


For Z,=12.6 ohms, then R=95 cm. The machine is 
thus 190 cm in diameter at its large end, 60 cm in 
diameter at its small end and 300 cm long, a sizeable 
apparatus. 

The profile of the machine is easily obtained from 
the condition that the acceleration be constant: 


dv 
qe @ - ) 
ei = (10) 
or since 
om Zo _ Zo = k 
ae T [ty a? /d? ~ @t’ 
. 2k? 

ime = = const. (11) 


Thus a~1/zx/*; the equation of the profile is seen 
to be 

+a ay; a, [s/(a,4 a a,*)}1/4 (12) 

[w + a, 8/(a,;* — a,*)}*/* © : 

The large size of the apparatus raises one question 

as to how the apparatus can be scaled. Call 4 the 
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ratio of final to initial velocity. We can rearrange 
Eq. (5) as follows: 


ea ‘ 
_ 2 hi Z Z, (13) 
y 8 ” 12 
; ae Cc 1 J 
Now 
oa 4nx,K 2 a,* 
C = = R, (1— zs): (14) 
So 


; cy a,*\ (2V 2 . 
a Ke (x Ry?) (1 wh na) | 7): (5) 

The quantity 2 V/d is just the voltage gradient 
on the insulation of the line. We have used a value 
of 600 V/mil (240 kV/em) which is about the limit 
of polyethylene and about as high a voltage gradient 
as can be borne by conventional materials in thick- 
nesses of a half inch or greater. The use of pressurized 
sulfur hexafluoride or some of the gaseous or liquid 
fluorocarbons might permit raising this figure some- 
what, but for practical purposes the dielectric strength 
of 600 volts/mil is an upper limit. 

We note that the number of particles that can be 
accelerated to a given final energy through a given 
velocity ratio is proportional to the dielectric constant 
of the insulator. This suggests the possibility of using 
a water dielectric as was successfully demonstrated 
by ScHERRER [8]. The dielectric strength of water 
is quite high for short intervals following the 
application of the potential. It is possible to use a 
traveling wave line so that the potential will be 
applied to the line for only two transit times, a few 
microseconds. With a dielectric constant of 80 there 
is the promise of increasing by two orders of magnitude 
the number of particles that can be accelerated by 
a line of given size. 

The factor x R,?s is proportional to the total 
volume of the machine. Thus, the number of particles 
accelerated to a final energy Ex through a ratio of 
velocities J is dependent on the volume of the machine. 
Scaling down the machine in size thus rapidly decreases 
the number of particles that can be accelerated. For 
an initial study of the acceleration principle it would 
be desirable to be somewhat less ambitious regarding 
the final energy and final velocity. So that the 
acceleration principle should be subject to a fair test, 
the final velocity and energy should be chosen larger 
than that which can be obtained with conventional 
plasma accelerators. Accordingly, we take v,= 10° m/s 
which corresponds £x=10keV for deuterons, and 
a velocity ratio of 5. Take Z, now to be 50 ohms. 
The L’,=5x10-5 henries/m and (a,/d)*= 12.63, 
a,=9em and a,=(5)"?a,—20cm. Again assuming 
polyethylene as the dielectric (K = 2.25), 

Z, = 50 ohm = 


(16) 


188.5 
1.5 


(a/R)? pe 
1 — (a/R)? 


a/R = 0.37 
R, = 24.3em, R, = 54cm. 
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The number of particles such a machine 2m long 
can accelerate if V=300kV is ~10!’. 

There are certain practical advantages to a high 
impedance plasma accelerator in addition to its smaller 
physical size. The current is lower, hence the require- 
ments of structural strength are less severe. Also, if 
the traveling wave be launched by discharging a 
condenser bank into the line, the bank can be smaller 
and no special precautions regarding its parasitic 
inductance need be taken. We will discuss this matter 
more thoroughly in Section 4 of this paper. 

The above design, in which the capacitance as well 
as the inductance is continuously distributed, is by 
no means the only one for such a traveling wave plasma 
accelerator. If capacitors of suitable size and voltage 
rating are available, they can be distributed at proper 
intervals along the tapered solenoid so as to create 
a line of variable velocity of propagation but constant 
characteristic impedance. Also, since the velocity of 
propagation depends on the ratio of d to a the solenoid 
could be of constant radius but variable spacing which 
may simplify construction of the line. 


3. Stability considerations 

The plasma-field configuration of Fig. 1 should be 
hydromagnetically stable according to Grad’s 
criterion. Further, there exists a liquid metal analogy 
to the configuration in the technique of levitation 
melting [9]. Objections can be raised to applicability 
of this analogy insofar as leakage through the cusp 
is prevented by surface tension in the molten metal 
which would not be present in the case of a plasma. 
The gross stability of the configuration, however. 
should be verified by this liquid metal analogy. 

A conclusive answer to the stability can be obtained 
only through a mathematical calculation of the plasma- 
field boundary. This is the free boundary problem 
for Laplace’s equation, a hitherto unsolved 
mathematical problem. A study of this problem is 
underway following the technique employed by 
KOLODNER [10] in solving the free boundary problem 
for the heat conduction equation. It is hoped that 
a technique can be found for numerical calculation 
of the plasma-field boundary. 


4. Experiments involving the acceleration of plasmas 
with traveling electromagnetic waves 

There are basically two methods of launching the 

traveling wave in the transmission line heretofore 

described. The first method, which we call type A, 

consists of discharging a large condenser bank into 


the low-speed end of the line, the high-speed end of 


the line being short-circuited to ground. The second 
method, which we call type B, consists of first charging 
the line to voltage V then discharging the line to 
ground through a short circuit at the low-speed end, 
the line being open-circuited at the high-speed end. 

Fig. 3 shows the sequence of operations for type A 
operation. A wave of current and voltage travels 
down the line from the low-speed to the high-speed 
end. As the line is shorted at the high speed end 
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Fig. 3 Action of the line for type A operation. 


the current wave is reflected in phase while the voltage 
wave is inverted. Thus a wave of twice the initial 
current travels back to the low speed end while 
the voltage is wiped from the line by the returning 
voltage wave of opposite phase. The large condenser 
bank appears as a virtual short and a similar reflection 
occurs at the low-speed end. The resulting current 
that flows in the high-speed end of the line is thus 
a sine wave whose period is just the short-circuit 
period of the bank which, however, is stepped 
corresponding to successive reflected waves. 

The characteristics of the condenser bank discharged 
into the line are limited only by the requirement 
that the rise time of the wave front be small compared 
to the transit time of the wave. The rise time of 
the wave is just L)/Z, where Lp is the parasitic 
inductance of the bank. Hence: 


Lp| Zo < T= Zo CG 
Lp< L. (17) 
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Thus the parasitic inductance of the condenser bank 
must be much less than the total line inductance, 
a condition that is readily fulfilled by a capacitor 
bank whose units have relatively high parasitic 
inductance (as the total parasitic inductance of the 
bank can be reduced by paralleling units). 

Fig. 4 shows a possible experiment to be performed 
with type A operation. Two lines are employed 
which are identical. The two lines are arranged with 
their high-speed ends opposite and the bank is 
discharged into both lines in parallel while simul- 
taneously a plasmoid is injected into both lines at 
their low-speed ends. The effect is to collide two 
plasma-bearing cusps and keep them together while 
raising the magnetic fields. Only a small fraction of 
the bank energy goes into accelerating the cusps, 
the remainder being used to raise the strength of 
the confining convex field. 

This experimental arrangement avoids the well- 
known difficulty that rapidly rising fields are needed 
to heat plasmas while fields of long duration are 
needed to confine them. A fraction of the energy of 
the bank is used to heat the plasma by traveling wave 
acceleration and subsequent thermalization while the 
bulk of the bank energy is utilized in producing the 
confining field of long duration. 

Fig. 5 shows an alternate arrangement. The two 
lines have their currents in the opposite sense. A 
conducting ring is placed midway between the high- 
speed ends of the lines. If we assume high enough 
conductivity so that the flux linking the ring cannot 
change during the rise time of the fields at the end 
of the line, the result is to create a so-called ‘‘caulked 
picket fence” field geometry [11]. If the configuration 
of Fig. 5 is to be achieved, i.e. a high-beta con- 
figuration, there must be an initial current circulating 
in the ring. 

Fig. 6 shows the sequence of operations for type B 
operation. The curve is a plot of voltage on the high- 
speed end or current flowing out of the low-speed end. 

The subsequent reflections of voltage and current 
waves are shown. Such a line or a pair of them can 
be used to inject into a continuously maintained 
confining field as is shown in Fig. 7. The use of a pair 
of lines is merely to obtain twice the energy and twice 
the number of particles as is possible with a single line. 

Only a small fraction, y/2, of the total energy 
stored in the charged line is converted into particle 
energy. The remaining energy oscillates between 
magnetic and electrostatic energy until ohmic losses 
dissipate it. This remaining energy can be used to 
accelerate plasmoids which are injected in synchronism 
with the traveling waves, thus continuously adding 
to the number of trapped particles to compensate 
for those lost by leakage. Alternatively, the line 
may be shorted at the high-speed end shortly after 
the first traveling wave reaches it, the residual energy 
of the line remaining magnetic and providing a 
confining field whose duration is given by the L/R 
time constant of the line. This last operation is 
analogous to ‘“‘crow-barring’”’ a condenser bank after 
the first quarter-cycle. 
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Fig. 4 


Fig. 5 


Whether type A or type B operation is recommended 
depends upon the particular experiment planned. 
Type A operation is obviously necessary if a water 
dielectric is used, as the dielectric strength of the water 
is high for only a few microseconds after the potential 
is applied. If the bank be ‘“‘crow-barred”’ after the 
voltage wave has returned, i.e. two transit times 
after triggering the bank, then the voltage will be 
on the line for a time 2 t only—which need be only 
a few microseconds. 

As mentioned earlier, the efficiency of the accelerator 
is twice as large for type B operation. For multiple 
injection this type of operation should therefore 
be preferred. 


5. Conclusions 


The advantages of the traveling-wave 
accelerator over more conventional 
accelerating plasma are marked. There is no upper 
limit in principle to the energy to which the plasma 
can be accelerated, the plasma is confined in a stable 
magnetic field configuration during the acceleration 
process, and the traveling-wave structures lend 


plasma 
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Use of two lines to form a “picket fence’’ field configuration. 





Use of two lines to form a ‘‘caulked picket-fence”’ field configuration. 


themselves to the creation of confining field geometries. 
There is also the prospect that such a plasma acceler- 
ator will be “self-cleaning’’, i.e. will preferentially 
accelerate light over heavy ions. The electromagnetic 
containment force will be the same for all singly- 
ionized particles. The equivalent gravitational field 
will, of course, act more strongly on the heavy ions. 
Thus, light and heavy particles will tend to be 
separated by sedimentation and, if the cusp initially 
contains more particles than it can accelerate to 
the final wave velocity, the heavy ions will tend 
to leak preferentially through the cusp. 

The magnitude of this cusp leakage may be cal- 
culated for a simple model which assumes that the 
plasma will stream freely through a circular aperture 
of radius 6 which will be taken equal to the ion Larmor 
radius. A volume of plasma zx 6?S will leak out 
during the acceleration process. If the numerical 
density at the tip of the cusp is n, the number of 
particles N’ lost in the acceleration process is nx 67S. 
If the plasma possesses a kinetic temperature k7' 
the expression for 6 is just 


(2mk T)!/2 


0 eB 


: (18) 
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For equilibrium the kinetic and magnetic pressures 
must balance; thus 
. B 
nk7 ' (19) 


2 Mo 
Eliminating k7’ and calculating N’ we get 


’ =Sm 
N’: - (20) 

e* io 
For the acceleration of deuterons by an accelerator 
3m long N’~10!8. Consider the first described 
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accelerator for accelerating deuterons to 50 kV. The 
final number of particles is ~10'7, As the number 
of particles than can be accelerated to velocity v 
varies as 1/v the initial number of particles will be 
A greater which for A=10 will be ~10'§. Thus some- 
thing like the same order of magnitude of particles 
will be lost by cusp leakage as was initially trapped 
in the cusp, the number delivered at the final velocity 
being an order of magnitude less than the number 
initially trapped. 

The above calculation is a crude one, but it probably 
overestimates the cusp leakage as there is a finite 
chance that a particle entering the loss aperture 
will be reflected back into the body of the plasma. 

There is the practical economic advantage that 
the traveling-wave accelerator does not require an 
energy source of fast capacitors. The rapidly rising 
magnetic fields required for the acceleration process 
are produced by the line itself. For type B operation 
the power supply for charging the line has no re- 
quirements except for the ability to produce the 
current and voltage required. A simple Marx circuit 
assembled from ordinary surplus oil capacitors and 
a charging inductor is all that is required. For type A 
operation the only requirement on the bank driving 
the line is that its parasitic inductance be small 
compared with the total line inductance, a condition 
which likewise can be met by ordinary surplus oil 
capacitors. 

The currents to be switched in the operation of the 
line are likewise relatively moderate being only a few 
tens of kiloamperes, which makes feasible the use of 
spark gaps or ignitrons available within the present 
state of technology. 

Against these advantages must be weighed the two 
disadvantages of relatively low efficiency and the 
handling of voltages roughly an order-of-magnitude 
higher than those of other controlled fusion experi- 
ments. The disadvantage of low efficiency would tend 
to rule out this type of accelerator for plasma pro- 
pulsion, but is not a real disadvantage for experiments 
relating to controlled fusion. This is particularly true 
as the energy that does not appear in the kinetic 
energy of the plasmoid is not dissipated but remains 
stored as electrostatic and magnetic energy in the 
line. This energy may be used to accelerate additional 
plasmoids or to create a confining magnetic field. The 
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efficiency for a single acceleration process is indeed 
low, but for multiple accelerations the overall efficiency 
may be quite high. 

The disadvantage of high voltage is a technological 
one. The applied voltage, 300kV, and dielectric 
strength of 600 volts/mil are felt to be conservative 
by present day practices and permit the acceleration 
of reasonable amounts of plasma by machines which 
are not too large. 
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ao DIAGNOSTICS OF THE CONFINEMENT AND HEATING OF A PLASMA 
BY A RISING AXIAL MAGNETIC FIELD (ORTHOGONAL PINCH) 


ter- 

mic J. W. MATHER 

pull. UNIVERSITY OF CALIFORNIA, Los ALAMOS SCIENTIFIC LABORATORY 

RT, Los Atamos, New Mexico, U.S.A. 

tio- . : ' ; —_ P ; , : : 

, 31 Heating and confinement of a deuterium plasma by a rising axial magnetic field in cylindrical 

geometry is investigated as a function of applied voltage, mirror ratio (?,,), discharge tube material 

eSs, and tube shape for several scaling geometries at a given aspect ratio D/L = 0.44. Diagnostic methods 
: include internal and external magnetic probes, fast streak photography and magnetic flux and neu- 
a tron measurements. Magnetic probes show the existence of trapped reverse fields and the subse- 


quent intermixing of plasma and field during the second half and later compression cycles. Plasma 
confinement from the walls during the second and third half discharge cycle is inferred from streak 
photographs and the duration of neutron production. As the mirror ratio is reduced to ~1, the 
yield and duration of neutron production increases while plasma end streaming is enhanced. 
ved Azimuthal asymmetries in the axial field in the mirror are associated with neutron 
production. Reducing the 6-asymmetry to ~1°%, reduces neutron production by a factor of 
~ 3. The main effects of the small field perturbations may be explained in terms of the nonuniform 
formation and detachment of the current sheath from the discharge tube walls. This can lead to 
the influx of wall impurities which may account for the lower nuclear yields. 


1. Introduction 5 us (frequency ~50 kHz). Magnetic probes showed 

The “orthogonal pinch” [1], similar to Sceylla [2], several phenomena, o be discussed later m_ mere 
Thetatron [3], NRL experiment [4], and others [5—9], detail, namely, 1) the first half-cycle exhibits hydro- 
describes plasma compression by an axial magnetic 
field in which the radial electromagnetic force (j x B) 
is expressed as the interaction between 4-induced 
currents (jg) and the axial magnetic field (Bz). The 
equations describing the dynamical behavior of the 
cylindrical current sheath can be written analogously 
to those of the ‘normal pinch” [10] by replacing the 
electric and magnetic fields of the normal pinch, EZ, 
and B, by a similar set, Hp and Bz. 

In 1954, a multiple arrangement of single-turn coils 
around a spherical bottle 50cm diam. produced an 
axial magnetic field of a few kilogauss rising in 5 ps. 
This experiment, then called the ‘Jug’, [11], 12] 
demonstrated that a ring current discharge in H, was 
formed near the driving coils within the vacuum 
chamber subsequently collapsing toward the axis 
under the radial force j x B. One of the streak photo- 
graphs taken across the diameter is shown in Fig. 1. 
This photograph exhibits some of the complex 
phenomena observed in more recent experiments, 
namely, that the collapsing luminous front is not 
singular but, in fact, appears to form several luminous 
fronts emanating presumably from a single front at 
intermediate radii. In later experiments, magnetic 
probes show that the inward moving current sheath 
develops into several current layers during the 
compression phase akin to the layers of an “onion”, 
each adjacent layer carrying current in opposite 
directions. 

In 1958, an orthogonal pinch geometry [12] utilizing 
a single-turn strap 15cm long and 15 cm diam. was 








Fig. 1 Transverse streak photograph of a collapsing 
ring discharge (‘Jug’) viewed axially. Note several 
° . ’ - ‘ *« . 4 . . . 

employed with magnetic fields up to 17kG rising in |uminous fronts during the later stages of collapse. 
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Fig. 2 
from the reader with time zero in the foreground. V, 


magnetic oscillation for D, pressure > 100 microns, 
2) a fraction of the first half-cycle magnetic field is 
trapped by the plasma, 3) the compression of this 
trapped field (now reversed in sense to the external 
driving field direction) during the rising magnetic 
field of the second half-cycle, and 4) the eventual 
annihilation or intermixing of the trapped reverse 
field during the latter portion of the compression 
cycle. These phenomena occur as well during the 
third and subsequent half-cycles. Figure 2 shows a 
typical plot of the magnetic field (Bz) and azimuthal 
electric field (£,) as a function of radius and time for 
a complete discharge cycle. 

It was this experiment that led to further investi- 
gation of the magnetic behavior of a plasma that is 
described in this report. Other diagnostics are em- 
ployed to supplement the magnetic data. 

This report discusses the results of the magnetic 
field distributions, streak photographs and neutron 
production for a D, plasma in a high current orthogonal 
pinch geometry as functions of applied voltage, 
physical dimensions of the driving coil, magnetic 
mirror ratio, and discharge tube material and shape. 
These data will also be discussed in terms of plasma 
confinement and heating and possible causes for the 
onset of field intermixing as observed by magnetic 
probes. 


2. Experimental arrangement 


2.1. PowER SUPPLY 


The condenser bank consists of 1O0~20 kV 15 uF 
condensers, each connected by a vacuum spark gap 
[13] and 6 low impedance coaxial cables (~10 ohm) 
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Axial magnetic field (Bz) and electric field (H@) as a function of radius and time. The time axis extends away 
19 kV, 7/4~5 us, Rp =0.7:1. 


to a common cable header. The individual inductances 
per condenser circuit are: condenser ~60 muH, 
vacuum spark gap ~5muH, and coaxial cables 
~14 muH; the total is 79 muH excluding the header 
of ~1 muH. Under short-circuited conditions at the 
header, the maximum rate of rise of current is 
~2x 10" amp/s. The bank of condensers, maximum 


energy of 30 kJ, can be fired over a wide range of 


applied voltage (100 V to 20 kV) within ~10-? us. 

When the condenser bank is operated in conjunction 
with crowbar*, ~90% of the external circulating 
current is shunted by the crowbar vacuum switch [13]; 
this provides an exponential time decay of the current 
in the external discharge circuit which depends on the 
load resistance and external inductance (L/R). 

A 27-MHz radio frequency 1-kW oscillator is used 
to pre-excite the discharge. There is no perceptible 


difference in discharge characteristics whether the rf 


is coupled inductively or capacitively. Without pre- 
excitation, gas breakdown is delayed one half-cycle. 


2.2. CoIL GEOMETRIES 


A schematic of the coil geometry and associated 
diagnostics is shown in Fig. 3. Axial magnetic fields 
in the range of 17 kG to 220 kG rising in 2.8—4.5 us 
are produced by variations in the physical dimensions 
of the single-turn coil for a fixed aspect ratio, diameter 
length=0.44. Table I lists the discharge period (r) 
and the maximum second half-cycle magnetic fields 
(Bz), rate of field rise (Bz) and azimuthal electric field 


* Crowbarring is synonymous with short-circuiting. 
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Fig. 3 General geometrical arrangement of coil assembly. 
TABLE I Compilation of the orthogonal pinch geometries, mirror ratios (Rm), discharge parameters and neutron 
yields. The latter two items are quoted for 20 kV operation and refer to the second half compression cycle of the 
discharge. 





Rm 5.0:1 14:1) 1.3:1 1.18:1 11:1) 1.09:1 1.02:1 0.77:1 | 0.7:1 
Case I II I I I [a II II IV II 111» [j# I 
Tus 13.6 11.6 17.3 17.1 17.5 17.5 13.1 14.1 15.8 13.8 11.9 13.85 19 
(Period) 
ice 17.4 39.4 248) 27.5 284 28.4 64.0 698 70.0 77.1 222.0 97.0 44.2 
vay (kG) 
| Bx 10-1 0.803, 2.13 0.9) 1.01 1.02, 1.02 3.07 3.1, 2.78 3.51 11.65 4.4 1.46 
(G/s) 
E, (wall) 265 352 298 333 336 300 506 513 528 580 960 726 480 
(V/em) 
ces Y none | none 2x 105 3.5105 7x 10° 2.8 x 105 1.5 x 10® 2 x 10° 8.7 x 105 5.3108 small 7.5105 not 
LH, (neut/burst) measured 
les 
der Case | 30 cm long, 13.2 cm diameter Contoured Pyrex Tube 
the Case II 15cm long, 6.6 cm diameter Contoured Pyrex Tube 
is Case III 7.5em long, 3.3m diameter Contoured Pyrex Tube 
oa Case IV 10.0 em long, 7.6cm diameter Straight Al,O, Ceramic Tube 
of ? Refers to an uncontoured Pyrex tube. 
US. b Designed for Rp, = 1.02 but metal was damaged at high magnetic fields. 
ion 
ing (Ey) for all cases studied at an applied condenser driving coil with particular attention to a close fit 
3]; voltage of 20 kV. in the mirror region. In most cases, an attempt was 
pnt Because of the small electrical skin depth at high made to make the inner glass surface a magnetic 
the frequency, the magnetic field can be made larger at field surface* and to avoid a flux line which originated 
the ends of a single-turn coil by reducing the diameter at the inner glass surface in the mirror from passing 
sed of the coil open ends (see Fig. 3). In this manner, through the glass wall at other axial z positions. 
ble magnetic mirror ratios* of 5.0:1, 1.4:1, 1.3:1, 1.18:1, Two cases of an uncontoured Pyrex vessel, see footnote 
rf and 0.7:1 (straight tube) were studied for Case I, the in Table I, will be compared. 
- latter ratio indicating a monotonic decrease of the Case IV refers to a high alumina Al,O, (96% purity) 
‘le. magnetic field as a function of axial distance from the discharge tube [2] 10cm long and 7.6cm diameter. 
midplane. By reducing the overall coil dimensions by The ceramic tube did not fit the contour of the driving 
a factor of 2, Case II, higher central magnetic fields coil as in the Pyrex cases and as such can be considered 
were obtained for a maximum condenser energy of a straight tube. 
30 kJ at 20kV with mirror ratios of 5.0:1, 1.18:1, 
-e = . . ° 
~ Ldst, 1.02:1, and 0.77:1. Further reduction in coil 23. MAGNETIC PROBES 
as dimension by another factor of 2, Case III was made 
us for mirror ratio 1.02:1. Cases I, II and III employed The magnetic probe consists of 6 — 8 turns of wire on 
ns a Pyrex glass vacuum vessel (2 to 2.5 mm wall thick- 4 2 mm diameter nylon bobbin inserted within a thin 
er ness) shaped approximately to the contour of the Wall ceramic jacket ~4.5 mm outer diameter. When 
(T) ; the probe jacket is inserted into the plasma, a few 
Ids * The on-axis ratio of magnetic field Bm in the mirror discharges usually burst the ceramic jacket. This 
eld region to B, at the midplane of the coil defines the mirror 
ratio Rm = Bm/B, for Bm > By. When Bm < B, for all z, * In reality, the presence of a plasma modifies or des- 
Rm is <1 and Bp is arbitrarily assigned the field value troys any attempt to make the inner glass surface a 
at the entrance face of the coil. magnetic surface. 
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breakage has been overcome by evacuating the ceramic 
jacket to a few microns pressure. This breakage is 
attributed simply to the fact that the thin ceramic 
wall, prestressed to ~ 160 pounds per square inch, duc 
to atmospheric pressure on the inner side becomes 
weakened by the plasma striking its surface. Thin 
metal jackets have been used but the effects of elec- 
trical skin effect and insulation pose other problems. 

Measurements of the Bz component of the magnetic 
field are obtained either with a probe inserted radially 
into the discharge at several z positions or with an 
axial directed probe which can be pivoted to obtain the 
radial distribution of the Bz field (see Fig. 3). 

It is found that many discharges are required to 
“condition” the probe jacket prior to achieving 
reproducible magnetic field signals. It is believed that 
this “conditioning” removes surface impurities since 
the amount of visible light emitted from the probe 
surface decreases considerably for successive dis- 
charges, although it never vanishes. 

The perturbations of the probe jacket on plasma 
temperature and conductivity are still unknown 
except to note that the probe adversely affects those 
processes that are responsible for neutron production. 
The detailed manner in which the magnetic field varies 
during successive discharges within and external to the 
plasma volume suggests, however. that the plasma 
conductivity is not greatly impaired by the probe. 


3. Results 
3.1. MAGNETIC PHENOMENA 


The magnetic phenomena [14] characterizing plasma 
compression in the orthogonal geometry can be listed 
as 1) hydromagnetic radial oscillations [15, 16] of the 
plasma-field interface during the first compression 
cycle, 2) the trapping of residual magnetic field from 
the first half discharge cycle at the beginning of the 
second compression cycle by a second current sheath 
at a time prior to the end of the first half-cycle, 3) the 
compression of the trapped field reversed in direction 
to the second half-cycle driving field, and 4) the trans- 
ition of the trapped reversed field to the vacuum 
field direction during the later stages of the second 
half-cycle compression. 


3.1.1. Hydromagnetic radial oscillations 


During the first half-cycle compression, high frequency 
oscillations of the central magnetic field near the 
midplane of the coil were detected, first by small 
magnetic probes and later recorded by fast streak 
photography similar to other investigators [4, 17]. In 
deuterium, these oscillations (Fig. 4b) were in the 
megahertz range and observed at pressures ~ 200 
microns Hg*. In argon, the frequency of similar 
oscillations was lower and a study of these oscillations 
was made over the pressure range 10— 1000 microns 
at several applied voltages. A typical B. versus time 
record is shown in Fig. 5a at an argon pressure of 
100 microns for the Case I coil geometry, Rm=0.7:1 

* For p<200u no gas currens is evident during first 
half-cycle. 
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Fig. 4 Hydromagnetic radial oscillations in the central 
magnetic field for discharges in a) argon and b) deuterium. 
Upper trace in a) and lower in b) is the internal B--field. 


(straight coil). Later investigation showed that mirror 
field geometries Rm>1 exhibited the same pheno- 
menon. The following explanation describes satis- 
factorily the experimental results for argon. 

During the ionization stage leading to sheath for- 
mation at the inner surface of the Pyrex tube, a small 
fraction of the external B-, field leaks or diffuses 


through the partially ionized layer into the body of 


gas. After a time (¢,), a highly conducting current 
layer is formed near the glass wall which prevents 
further diffusion. As the current in this layer rises, it 
detaches from the wall compressing the leaked-in- 
field. As a result, the current layer forms a boundary 
layer between regions of magnetic field of the same 
sign which supports two separate azimuthal currents 
(jo). The outer surface current is produced in an 
opposite sense to that in the driving coil while the 
direction of the inner surface current is of the same 
sign as the external driving current. As the boundary 
moves radially inward, it sweeps up the gas ahead and 


compresses the trapped field. Due to the inertia of 


the layer, the trapped field is overcompressed causing 
the layer to oscillate about a characteristic radius at 
which the external and trapped magnetic fields are 
equal. 
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Fig. 5 
period, normalized to p= 200 microns, based on B, 
compression, and d) the amount of field leaking in during 
function of pressure. The mirror ratio is 1.4: 1. 


This model has been analyzed by assuming that 
1) the current sheath at time ¢, has infinite conduc- 
tivity (no diffusion of magnetic fields in or out of the 
layer), 2) the collapsing current layer sweeps up 
(snow plow model [10)}) all the gas into a thin cyclindri- 
cal annulus (the time of collapse is less than sound 
speed across the diameter), and 3) the nk7' gas 
pressure in argon is small, i.e., the Vp term in the 
equation of motion is negligible. 

The equation of motion under these assumptions 
can be written in dimensionless form as 


d? ) 


aa = -k? yn (1— 9-4), (1) 


where 7 =r/re and k?= B.?/(40, mr,?). The quantities 
re and Be. are defined* as the equilibrium values of 
radius and magnetic field, respectively, about which 
the oscillations take place. Eq. (1) has the solution 


"? S? (S4 - 1)! 4 sin 2kt . 


S$? = 3 (?)max” 2 Nmin®). (2) 


S? is a constant defined in terms of the maximum and 
minimum amplitude of oscillation of the layer. 
The solution to the nonlinear equation of motion 
shows two important results, 1) the radial motion of 
the plasma layer about the equilibrium value is always 
nonsinusoidal except in the limit of no compression 


* Be is actually time varying; however, it is assumed 
constant during one oscillation. 


Experimental results for argon at 15 kV Case I geometry showing a) period of radial oscillation, b) calculated 
constant, c) the time to the peak of the first hydromagnetic 


the initial stages of ionization and sheath formation as a 


and 2) the frequency of oscillation given as 

( B?/o;)* (where o; is the mass line-density) is in- 
dependent of the amplitude of oscillation. Solving 
for ¢ in Eq. (2), it can be shown that for large ampli- 
tudes of oscillations (S large), the plasma layer 
spends an increasing proportion of its time at larger 
radii, whereas for small amplitudes (S —1), the radial 
motion approaches more closely to a true sinusoid 
about the equilibrium radius re. 

Verification of these predictions for A was obtained 
primarily by varying the initial gas pressure. As the 
pressure is reduced, the oscillations of the internal 
magnetic field (Bz vs t) become nonlinear. Curve a, 
Fig. 6, shows the period of the first radial oscillation 
as a function of argon pressure while curve b shows 
the calculated period, normalized to p=200 microns 
taking B. and the final compression to be constant. 
The deviation between curves a and b at the high 
and low pressure ends can be accounted for on the 
basis of the varying compression as a function of 
initial pressure. A change in the initial gas density 
results not only in a change of the total mass which 
affects the collapse time (i.e., time to the first compres- 
sion) curve c, but may also influence the initial 
ionization rate leading to sheath formation at time fp. 
Since time f, is defined as the time when a conducting 
sheath is formed at the walls, it is clear that time ¢, 
determines the amount of initial flux to be trapped and 
compressed. Curve d shows that the fraction of 
field leaking in during sheath formation is a function 
of gas pressure. 
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From the measurements of the equilibrium magnetic 
field and frequency of oscillations, the mass line 
density (91) in the sheath corresponds approximately 
to the sweeping inward (snowplow) of all the gas 
initially in the tube within experimental accuracy 
~10%. This result is also in agreement 
with the final density (0) calculated from 
09 T("9?—re”) assuming a completely ionized gas. The 
value of the equilibrium radius (re) is obtained from 
the magnetic field distribution and for a particular set 
of initial parameters, re is ~1.5 em. Using this radius, 
it is found that the magnitude of the trapped magnetic 
field at tt, is ~800 gauss which yields a sheath 
formation time of 0.08 ys. 

A detailed theoretical analysis of these oscillations 
has been made by J. TAYLOR [18] taking into account 
the effects of finite conductivity and sheath thickness. 
The result for the frequency given above is modified 
only slightly by small correction factors near one. 
NIBLETT and GREEN [17] have shown experimentally 
similar oscillations existing in their apparatus using 
magnetic probes and streak photography. 


good 
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3.1.2. Trapped reversed magnetic field during the second 
half-cycle 

The previous section was concerned specifically 
with the hydromagnetic effects in argon during the 
first half-cycle. Similar effects were observed in 
deuterium for p> 200 microns (see Fig. 4b). However, 
for deuterium pressures <200 microns, there is 
generally no first half-cycle gas breakdown; gas 
breakdown is evident near the end of the first half-cycle. 

During the second half discharge cycle, a trapped 
reversed magnetic field and the transition from a 
reverse to the vacuum field direction has been observed 
by magnetic probes in all of the geometries examined. 
The strength of the trapped reverse field at the be- 
ginning of the second half-cycle depends at what 
time during the second quarter-cycle a second current 
layer forms at the wall. For instance, one of the early 
straight coil geometries [12], aspect ratio of 0.8, 


initiated a current layer during the early portion of 


the second quarter-cycle ~3—3.5 us before B:=—0 
which resulted in a recompression of the trapped 
magnetic field during this period. The trapped field 
in this case was held for ~6—7 us but eventually 
the transition to the vacuum field direction was made 
late in the second half-cycle. 

In contrast, the present experiments show trapping 
of the magnetic field generally near the end of the 
second quarter-cycle ~0.1—0.3 us before the ex- 
ternal magnetic field passes through zero. At very low 
bank voltages (2—3 kV), trapping of the magnetic 


field was observed ~1 us before B:=0 (end of 


second quarter-cycle). From these observations it 
appears that gas breakdown leading to sheath forma- 
tion and field trapping is a function of applied voltage, 
pressure, geometry and the surface condition of the 
glass wall. 


Once the current sheath begins to compress 
(start of second half-cycle), inertial effects be- 


come important. At the first bounce, which occurs 
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~0.3—0.6 us depending on conditions, the trapped 
reverse field is compressed to 2—3 times the driven 
Bz value. From a knowledge of Bz internal and ex- 
ternal to the layer and the time to the first compression, 
the computed layer mass density corresponds to 
sweeping up approximately all the gas. During the 
reversed trapped field, hydromagnetic oscillations of 
the current boundary layer are frequently observed. 
This situation, in contrast to those oscillations 
observed in the first half-cycle, is characterized by a 
current layer separating two field regions of opposite 
sign. The plasma layer supports two azimuthal 
currents of the same sign, 1) that induced by the 
changing external magnetic field which resides in the 
outer portion of the conducting plasma layer and 2) 
that required to support the trapped reverse field, i.c.., 
Breverse ~ I, which resides on the inner surface of 
the plasma layer. The value of the total current 
varies due to the expansions and contractions of the 
plasma column but always remains unidirectional 
while the sum exceeds the current in the driving 
coil. As the mirror ratio is reduced it is found that the 
frequency and amplitude of these oscillations increase 
(at Rmn=1.18:1, Case I, f~ 1 MHz, and at Rn=1.02, 
Case II, f~ 3.0 MHz). These oscillations are observed 
generally in the midplane region of the coil and are 
analyzed similarly to that in the last section. The 
calculation of the mass density 09; from a knowledge 
of B. and frequency is consistent with most of the 
gas swept inward by the current layer. 

The amplitudes of the oscillations damp appreciably, 
showing that oscillatory energy is lost in the 
plasma. In some cases, 2—3 oscillations in the 
trapped field can be observed as shown in Fig. 6 (a). 
These oscillations are not typical of the entire length 
of the plasma column but are restricted generally to 
the midplane region of the coil. Compare oscillograms 
in column a and b of Fig.6 for Case | geometry 
Rm=1.3:1. Column e (upper two traces) also shows 
that these oscillations occur over a small axial region 
near the midplane for Rm—1.18:1, Case I geometry. 
This oscillatory phenomenon leads smoothly to a 
decrease of the trapped field to zero with subsequent 
penetration of the external driving magnetic field to 
the axis. In fact, after the first compression of the 
trapped field which occurs for all z, a gradual decrease 
of the trapped field can be discerned leading, within 
1.5—3.0 us, to a more rapid decrease of trapped field 
to zero. The intermixing of magnetic fields has been 
observed in all orthogonal pinch geometries with and 
without magnetic mirrors over a wide range of applied 
voltage and magnetic fields. 

This experimental evidence suggests that the 
current layer separating these fields is caused to 
deteriorate either as a result of failure of the plasma 
layer to support the large current densities that are 
required for field separation or that the azimuthal 
sheet currents coalesce in z producing an unstable 
configuration much like the m=O (sausage) in- 
stability observed in the normal dynamic pinch. 

At early times in the compression cycle, trapped 
reverse magnetic fields are measured for all values 








of z 
for 
net: 
as 


tra] 


iZ 


iva 


— 


a - 2 Tk 


DIAGNOSTICS OF ORTHOGONAL PINCH 


_ of z even extending out the ends of the driving coil gas. At early times in the cycle the magnitude of the 
as for several centimeters ( a7 10 cm). w hen the total mag- trapped field associated with the return trapped flux 

‘ae netic flux through the driving coil goes through zero would be largest near the end of the coil (mirror re- 
ra as measured by an external loop (see Fig. 3), a gion), which could enhance the magnetic field external 
the trapped reverse magnetic field is measured in the to the plasma causing a transient mirror effect. In 
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Fig. 8 Radial variation of the axial B, field as a function of time in the plane, a) z= 1 em and b) z = 5 em, for Case I, 


Rm = 1.3:1 at V =16 kV and p (D,) 
each additional curve is 0.4 us later. 


this way the curvature of the plasma-field boundary 
at the ends would be increased by the field of the 
return trapped flux, leading to the rapid growth 
of the plasma-field interchange instability. These data 
are taken to imply that the return flux of the trapped 
magnetic ffeld threads back through the coil. 


3.1.3 Magnetic field distribution 


The plasma during the second half-cycle in all cases 
studied exhibits magnetic field trapping and compres- 
sion with the eventual intermixing of the trapped and 
external fields during the second half-cycle. From B- 
probe traces as shown in Fig. 6, taken as a function 
of radius (columns a and b) and axial position 
(column c), the radial and axial distributions of the B- 
field are obtained as a function of time. For all cases 
except Case I, Rm=5:1 the operating D, pressure and 
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80 u. Curve “O”’ corresponds to beginning of second compression half-cycle; 


applied voltage were adjusted to give a neutron yield* 
before magnetic data were recorded. 

The magnetic data at the start of the second half- 
cycle will be discussed for a particular case followed 
by a comparison of other cases. The B, radial distri- 
bution for Case I, Rm=1.3:1 is shown in Fig. 7 for 
an applied voltage of 16 kV at a D, pressure of 80 mi- 
crons. Figures 7 (a) and (b) refer to data obtained by 
radial probes at axial positions z=1 em (midplane) 
and z=5 em respectively. As the radial component 
of the magnetic field (B,) is small in the vicinity of the 
midplane, the position of the current layer is given 
by the radial gradient of the B. field. Zero time in these 
figures refers to that time when the external magnetic 
field passes through zero (beginning of second half- 
cycle), and each subsequent curve in the field configu- 

* The yield of neutrons in most cases was insignificant ; 
nevertheless, the magnetic behavior under these condi- 
tions during the second half-cycle is of interest. 
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ration at time intervals of 0.4 us during the second 
half compression cycle. 

At z=1 em, field distribution at t=0 shows that a 
fraction of the first half-cycle field is trapped within 
the gas throughout the tube diameter. With time, the 
external field increases in the opposite direction (shown 
positive in Fig. 7a) and compresses the trapped field 
reversed) toward the center of the tube. During the 
early compression phase, the current layer is singular 
and occupies a radial interval of 1—2 cm. Later in the 
cycle, but before peak field, several current layers 
appear. Near peak field, this multiple current structure 
reduces approximately to a single broad current 
layer which extends over most of the tube diameter. 
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trapped reverse B, field. 


Variation of the B, field as a function of z, 7, and time for Case I Rm 
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earlier experiment (see 3-dimensional field plot of 
Fig. 2) and it is now believed to correspond to the 
break-up of the main current sheath during implosion 
(see streak photograph Fig. 1). The data of Fig. 7 are 
interpreted as a single current layer originating near 
the tube walls from which several subsidiary current 
sheaths are formed during the intermediate compression 
phase, each carrying current in opposite directions 
akin to the layers of an ‘“‘onion”’. 

Beyond peak field time, the external field penetrates 
almost completely to the axis. This description of the 
radial distribution of the B, field at the midplane is 
characteristic of all cases except those for mirror ratio 
5:1 (this will be treated separately at the end of this 
section). 








Z(CM) 


1.4:1, V=15kV and p (D,) =75 uw Hg. 


0.8 us in the second half-cycle and each succeeding graph shows the same pheno- 
menon in time intervals of 0.4 us. The numbered curves refer to radial probe positions of r 
at a given time. The dotted curve represents the vacuum (no gas) magnetic field at r 


0, 3/8, 3/4 and 1 1/8 inch 
0. Notation (—B-,) refers to a 
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At z=5 em, Fig. 7b, similar data were obtained 
during the second half compression cycle. The impor- 
tant difference is that the current layer or layers are 
thinner and the average central field, in contrast to that 
at z= 1 em, reaches ~0.75 of the external field at peak 
field time. The field distribution at later times beyond 
peak field continues to show a depression in the central 
field as the external field decreases (note Fig. 6c for 
z>0). This field configuration is one in which a plasma 
may be confined from the walls of the vessel at peak 
field and during the sinusoidal falloff of the external 
field. These data are typical of all cases, with the 
exception of the largest mirror ratio, showing that the 
plasma prefers to reside in those regions between the 
midplane and the end mirror and not in the midplane 
region as one would have first guessed. For Case I 
geometry, this behavior is found in a z region 
5<z<12 cm. 

The field distribution at z=1 em and z=5 em 
(Fig. 7) shows that the trapped reverse magnetic flux 
is not constant with time but begins to decrease slowly 
during the early compression phase and later more 
rapidly until it is annihilated. The flux cancellation or 
leakage rate is greater at z=5 cm than at z=1 cm. 
It is believed that the apparent increase of flux can- 
cellation at z=5 em reflects plasma motion along the 
z axis toward the midplane z=0 (high velocity plasma 
motion has been recorded by magnetic probes and 
ballistic pendulum). 

With an axial probe inserted parallel to the axis 
(Fig. 3) through the mirror end, the B, field distri- 
butions are obtained as a function of z, r and time for 
most of the cases studied. These data show clearly that 
a trapped magnetic field exists along the axis at early 
times in the second half-cycle and that the Bz field 
near the axis between the midplane and the mirror 
end remains generally smaller at peak field time than 
it does in the midplane region. Figure 8 shows the 
field distribution Bz vs z for various times (0.8 to 
6.8 us), time notation being the same as before, at 
radii r=0, 3/8, 3/4 and 1-1/8 inches for Case I, Rm 
=1.4:1 at 15kV applied voltage and p=75 uwHg. 
Other cases show the same general complex field be- 
havior which leads to the interpretation that the 
plasma undergoes changes in the radial and axial 
directions as a function of time. 

By superimposing the vacuum magnetic field on the 
probe signal (the magnetic field outside the plasma 
volume measured in vacuum or with a plasma present 
is the same within a reading accuracy of 1—2%%) a com- 
parison of the gas and no-gas magnetic fields can be 
made. This result is shown as the difference of the 
squares of the magnetic field Bz without and with gas 
present as A ( Byac?—Bgas”). This quantity 4 represents 
the net magnetic pressure and is shown in Fig. 9 
as a function of z and time evaluated at r~0 
for most of the cases studied. If the A can be 
interpreted as representing plasma pressure nk7', then 
it shows that the plasma pressure distribution along the 
axis is double-humped at peak field time, i.e., A is 
smaller in the midplane, and that the majority of the 
plasma resides away from the midplane. Also note 
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Fig.9 Net magnetic pressure distribution in z for 


several geometries. Numbers attached to each curve 
represent successive time intervals of 0.44 us starting at 
t= 0(Byac = 0), except for lower right-hand set of cur- 
ves where the numbers represent time in microseconds. 
Note difference in ordinate. Negative A’s at early times 
correspond to inertial effects of the plasma. 

Upper left: Rm=1.3:1, Case I, V>= 16 kv, p =60y, 1/4 = 4.3us. 
Upper right : Rm=5:1, Case I, Vj>=17.5kv, p=57y, 1/4=3.4 us. 
Lower left: Rm=1.18:1, Case I, V,=16 kv, p=60u, 1/4=4.4us. 
Lowerright: Rm=1.1:1,CaselI, V)=18 kv, p=135y,1/4=3.4us 


the substantial A in the mirror region suggesting 
plasma end-streaming at peak field. The negative A 
during the early phases of compression indicate a 
substantial plasma inertial effect. 

For the case of mirror ratio 5:1, the field configura- 
tion is different subsequent to the production of a 
reversed field. The duration of the reversed field during 
the second half-cycle is a few tenths of microseconds. 
After the transition, the external B, field penetrates 
to the axis to almost full vacuum value and remains 
throughout the second half-cycle. Penetration or 
diffusion of fields is extremely rapid (0.05—0.1 us) at 
the midplane. Two cases of 5:1 mirror ratio were tried 
(Case I and II) each producing central magnetic 
fields shown in Table I. No neutrons were observed in 
either case. A, in contrast to the lower mirror ratio 
cases, is appreciably less for all times. Except for the 
short-lived reverse field, the magnetic field signal 
resembles the vacuum field signal at all points along 
the axis. It is inferred from these results that the plas- 
ma becomes hydrodynamically unstable shortly after 
detachment from the walls allowing rapid penetration 
of the magnetic field. Although some intermixing 
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heating of the plasma is inferred, the plasma volume 
position cannot be identified after the intermixing 
process. By definition, large axial field gradients exist 
for Rm=5:1 which can lead to violent axial plasma 
motion as well as large field curvatures, the latter 
causing, perhaps, the rapid growth of the plasma-field 
interchange instability (flute instability) [5, 9, 17]. 
Further evidence for complete plasma breakup is 
obtained with streak photographs (discussed later). 

The B, vs t oscillograms shown in Fig. 6c for 
Rm=1.18:1 as a function of z for radial positions near 
the axis show, in particular, that the duration of the 
reversed B- field is a minimum in the region of peak 
mirror field and becomes progressively longer as the 
midplane is approached. In addition, probe measure- 
ments show that a conducting medium is removed from 
this region at a velocity of ~107 cm/s toward the mid- 
plane which allows the vacuum magnetic field to pene- 
trate rapidly to the axis. However, the appearance of 
the vacuum field is short-lived in the near mirror 
region. Within 0.2—0.6 us after the plasma is removed 
(the spread in time depending on the probe position) 
a conducting plasma once again enters this region 
from the midplane region pushing aside the vacuum 
magnetic field. 

Some portion of the moving plasma is lost through 
the mirror end as shown by probe measurements made 
in the mirror region (Fig. 9) and also by streak photo- 
graphs (to be discussed). The remaining portion would 
appear to be reflected again from the mirror producing 
some fine structure in the magnetic field signal in the 
near mirror region; however, no direct correlation has 
been made. 

Ballistic pendulum measurements* made just out- 
side the mirror coil record a momentum change of 
~480 dyne-see which, on the basis of half the total 
enclosed mass being expelled, would yield an average 
expulsion velocity of ~2 x 107 cm/s. These velocity 
measurements agree quantitatively with those mea- 
sured by magnetic probes within the mirror system 
and by streak photographs taken outside the mirror. 


3.2 STREAK PHOTOGRAPHS 


Under conditions of contamination, streak photo- 
graphs clearly outline the luminous portion of the 
plasma. Fully ionized plasmas, on the other hand, also 
emit radiation energy in the visible wavelength region 
of the spectrum (~3,500 A—8s,000 A). It has been 
shown [19] that the spectral emittance #, in the visible 
continuum from a high temperature plasma is domina- 
ted by (7'-)~/? where 7; is the electron temperature. 
During the early stages of sheath formation and de- 
tachment when the electron temperature is relatively 
low, a larger proportion of the radiated energy falls 
in the visible. As the plasma becomes heated, 7’. in- 
creases and FE, decreases in the visible. When the opti- 
cal system has a field of depth small compared to the 


* This measurement is, at best, qualitative because of 


the uncertainty in the conductivity of the glass surface 
in the presence of the plasma. 
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diameter of the discharge vessel, streak photographs 
take on a specific meaning. For example, regions of no 
visible light do not lead necessarily to the assump- 
tion of a fully ionized gas, however, regions of no light 
at the walls of the discharge tube after the first plasma 
compression lead unambiguously to the conclusion 
that no high temperature plasma is interacting with the 
wall during decompression, i.e., the plasma is confined 
away from the walls. 

Streak photographs of a deuterium (D,) discharge 
were taken through a 0.1 mm slit (see Fig. 3 (a) for slit 
positions) with a rotating mirror camera at a writing 
speed of 1.4mm/us. The effective aperture of the 
streak camera is f/2.8 and all photographic film was 
developed to ~3,000 ASA rating. Observations were 
made 1) with the slit perpendicular to the z axis at 
several axial viewing ports spaced 2 cm apart (trans- 
verse) and 2) just outside the confining region with the 
slit aligned along the axis for several radial positions 
(horizontal). Figure 10 (a) shows typical transverse 
streak photographs taken at the midplane z=0 
(upper) and z=5.0 cm (lower) of the coil for a D, 
discharge of 60 microns, Case I geometry, V,=17.5 kV 
and Rm=1.4:1 (time proceeds from left to right). 
During the first half-cycle, the intensity of light from 
the gas is usually below film sensitivity except at very 
high D, pressures or when argon replaces D, (in Fig. 10 
(a) the start of the first half-cycle can just be dis- 
cerned). These streak photographs and those that 
follow are characterized by a fast luminous inward 
moving front that originates at the inside surface of the 
Pyrex discharge tube near the peak of the driving 
electric field Eg (near the end of the first half-cycle). 
At each subsequent field reversal in the discharge 
cycle, occurring at 8.65 us for the case of Fig. 10 (a), a 
new luminous front is initiated at the wall. This is 
evidence for some gas remaining near the wall as a 
result of an inefficient sweeping up by the collapse 
of the current sheath or evidence that some fraction of 
working gas, attached as a monomolecular layer to 
the wall, is released and ionized subsequent to implo- 
sion by strong radiation processes. In any event, a 
low-density highly conducting gas may exist near the 
wall allowing subsequent breakdown. 

The fine structure in the light intensity can be sub- 
divided generally into 1) a fast luminous wave which 
appears almost instantaneously at the center of the 
discharge tube and 2) a slower component which re- 
flects at ~1/3 the tube radius in 0.4 us. The luminous 
front, from which both appear to originate, remains in 
contact with the wall for ~0.1 us before detaching. 
The slower component is sharply defined and appears 
to outline a hollow [17, 20] oscillating (radial) dis- 
charge. At 1.5 us, the slow-component wave blends 
into a more complex oscillatory structure which finally 
disappears. The light intensity decreases eventually 
into a blurred and diffuse background of light near 
the center of the tube. This background of light is not 
devoid of structure and shows that the plasma is not 
in a quiescent state but exhibits asymmetrical motion. 
As the mirror ratio is decreased toward 1, this faint 
background of light is diminished. 
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Fig. 10 
17.5 kV and p (D,) = 60 x 10-* mm Hg. “‘a”’ refers to Rm 


In most of the cases studied, streak photographs 
show that the luminous portion of the plasma behaves 
differently as a function of z. For instance, for Rm 
=1.4:1, Case I geometry, transverse streak photo- 
graphs az>5 ecm show less oscillating light structure 
and an overall decrease of light intensity than at 
z=0 (magnetic probes, previously discussed also show 
a diminution in the oscillatory structure of the plasma 
column for z>0). For Case IIT geometry (J=15 em) 
and Rm=1.18:1 photographs at z>1 cm show that 
the luminous portion of the plasma is more quiescent 
and of weaker intensity than at z=0. 

Figure 10 (b) shows streak photographs for Case I, 
Rm=5:1 under approximately the same pressure 
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Transverse streak photographs taken at the planes z=0 and 5 cm for mirror ratios 1.4:1 and 


lat V, 


5: 
1.4:1 and “b” to Rm =5:1. (Writing speed 1.4 mm/ us.) 


and magnetic field conditions as for Fig. 10 (a). These 
photographs show a trend toward a chaotic light struc- 
ture more pronounced! than that indicated for Rm 
=1.4:1. Asymmetrical light regions throughout the 
cross section of the discharge suggest that the plasma 
may be broken into small filamentary streamers early 
in the compression cycle which undergo chaotic radial 
motion as the external field rises. 

The difference in the basic behavior of the discharge 
for mirror ratio 1.4:1 and 5:1 is evidenced further 
by the absence of any neutron yield. The maximum 
central magnetic field for Rm=5:1 is lower by ~36°%, 
than for Rm=1.4:1. If it is assumed that neutron 
production in the Rm=1.4:1 results 
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thermal plasma, then one may account for the absence 
of neutrons in the Rm=5:1 case by the reduction 
in the final ion temperature due to a smaller magnetic 
pressure. 

Because of this uncertainty, Case 1 Rm=5:1 was 
scaled down in size by a factor of 2 maintaining 
the 5:1 mirror ratio. This system (Case II) was 


capable of producing a central magnetic field of 
39 kG (an increase of ~2.2) rising in 2.9 us with a 
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midplane and 1.75kV/cm at the mirror. Streak 
photographs show that the plasma undergoes similar 
chaotic motions as shown in Fig. 10 (b) for Case I. 
No neutrons are observed. It appears that the plasma 
is unstable in both Case I and II geometries for 
Rm=5:1. 

Nevertheless, it is found that plasma containment 
by a mirror orthogonal pinch geometry is enhanced 
by an increasing mirror ratio. Smear photographs 
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Fig. 11 Transverse streak photograph taken at z = 0 shows high frequency radial oscillations of the plasma boundary. 
The oscillations in “‘b”’ are restricted to the second half-cycle while “‘a’’ shows, in addition, oscillations during the third 
half-cycle. Neutron pulses for discharges “‘a’’ and “‘b”’ are shown in Fig. 12 “h” and “i” respectively. 
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end show that the intensity of light emitted in this 
region is reduced for Rm=5:1. The small scaled- 
down version (Case II) demonstrated similar results. 
A comparison of streak pictures for Rm=1.4:1 and 
5:1 show 1) that the light intensity for Rm=—1.4:1 
is largest outside the mirror region and 2) that the 
light intensity for Rm=5.0:1 on a relative basis, is 
largest between the mirrors. As the mirror ratio 
increases, these results suggest, in agreement with 
magnetic probe measurement, that the plasma is 
confined more efficiently between the mirrors and 
plasma end-losses are reduced at the sacrifice of plasma 
stability. 

At a mirror ratio of 1.18:1 (Case IL) high-frequency 
radial oscillations of light intensity similar to those 
observed by magnetic probes are observed during 
the time of trapped reversed magnetic field in the 
second and third half-cycles. At z= 0, these oscillations 
are seen while at z=2.5cm they are either absent 
or below film sensitivity. Two streak photographs 
taken at z=0 are shown in Fig. 11 (the start of the 
first half-cycle is faintly visible). These photographs 
seem to substantiate the findings of magnetic probes 
and lend support to the fact that the plasma undergoes 
strong radial and axial perturbations primarily in 
the midplane region which may cause the plasma to 
move away from the midplane as indicated by the 
net magnetic pressure distributions of Fig. 9. 

Peculiar to these photographs is the time interval 
following the initial implosion or high-frequency light 
intensity oscillations. There appears a faint back- 
ground of general illumination which is interrupted 
by the start of the third half-cycle compression. 
Usually the same pattern is repeated during the third 
half-cycle; an exception is shown in Fig. 11 (b). 
Neutron yield, if present, begins in time near the 
end of or during the high-frequency light oscillations 
and extends throughout the weak illuminated region. 
Under some conditions, transverse streak photographs 
at z>0 show intense irregular light intensity patterns 
during the third half-cycle which signify increased 
contamination consistent with the influx of wall 
impurities. The appearance of this light in many 
cases reduces neutron production below a detectable 
number. 

Scaling down from the large to the small mirror 
system Case I to Case II and for mirror ratios close 
to 1.0, streak photographs show generally an increased 
illumination during the fourth and subsequent half- 
cycles for discharges at 18.5—20kV. The slope of 
the light intensity vs time indicates that a heavy 
wall contaminant is the major constituent. These 
data suggest that a high temperature plasma is 
confined during the second and third half-cycles but 
as a result of the decreasing strength of the confining 
field, the hot plasma expands to the walls causing 
intense wall evaporation which subsequently forms 
a heavy gas pinch. Furthermore, the intense radiation 
(bremsstrahlung) or particle loss to the walls during 
the second half-cycle may as well contribute to the 
onset of wall impurities frequently observed during 
the third half-cycle. 
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3.3 NEUTRONS 


The pulse shape and duration of neutron production 
is more important in distinguishing the effect of mirror 
ratios and contamination effects than the number 
of neutrons produced in the orthogonal pinch 
discharges. The average neutron yield per discharge, 
shown in Table I, is representative of a few discharges 
and should not be taken as a figure of merit for a 
particular geometry or mirror ratio. Neutron pro- 
duction is not observed during the first half discharge 
cycle. 

The neutron pulse is recorded by a_ high-gain 
photomultiplier-crystal (2-inch x 2-inch plastic scintil- 
lator) network (integration constant of 0.1 us) and 
total neutron emission by an array of 4 paralleled 
silver-activated geiger tubes enclosed in paraffin. 

The start of neutron emission, except for mirror 
ratio Rm=5:1, is restricted in time to the region 
of reversed magnetic field before the transition or 
pronounced intermixing of magnetic fields. Similarly, 
it can be said that emission does not start immediately 
on the first dynamic bounce but waits for ~2 — 2.5 us 
in the geometries of Case I, Rm = 1.4:1,1.3:land1.18:1. 
In Case II geometries, Rm=1.18:1, 1.1:1 and 1.02:1, 
where the field rise times and physical dimensions 
are larger and smaller respectively, neutron emission 
begins ~0.4 — 0.6 us after the first dynamic com- 
pression. For either geometry, the time of emission 
is associated generally with a decrease in the trapped 
reverse magnetic field. Since the trapped field con- 
figuration changes as a function of z and since the 
axial distribution of neutron production is not known, 
it is impossible to associate the start of neutron pro- 
duction with a particular field configuration as shown 
typically in Fig. 8. The hydromagnetic oscillations 
in the trapped field during the second half-cycle 
mentioned previously, which are pronounced for 
lower mirror ratios near the midplane (z=0) of the 
coil, damp considerably at the beginning of neutron 
emission and are assumed not directly connected with 
neutron production. 

Several examples of neutron pulses are shown in 
Fig. 13 for Case Il geometry and mirror ratios 1.18:1, 
1.1:1, 1.02:1, and 1.025:1 at several applied voltages 
along with a magnetic field trace. Simultaneous streak 
photographs were taken, not at the same sweep speed, 
to demonstrate that very little visible light was 
present during the time of neutron emission. The 
neutron pulses in Fig. 12 (h) and (i) and streak 
photographs in Fig. 11 (a) top and bottom were re- 
corded for the same discharge, respectively. When 
a small amount of visible light is detected by streak 
photographs during the third half-cycle, the neutron 
yield during this cycle is invariably small or zero. 

The neutron pulses in Fig. 12 were obtained under 
various operating conditions, see Table II. One type 
of pulse, shown for example in Fig. 12 (a), is classified 
as an extended neutron pulse. Instead of the pulse 
returning to zero as expected during the time the 
confining field passes through zero, neutron production 
remains finite. The shape of the pulse during the 
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Fig. 12 Examples of neutron pulse shapes for several mirror ratios and applied voltages (see Table I1). The shapes of 
the neutron pulse show that the rate of rise and decay of neutron production is not generally symmetrical about peak 
field but exhibits in many cases an extended tail compatible with plasma confinement from walls as the magnetic 
confining field reverses in sign (magnetic field is shown below each pulse). 
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TABLE II. Discharge parameters for Fig. 12, 
Case II geometry. 
p (D,) Sweep 


aa V 
No. Rm (kV) (10-*mmHg)| (us) 


a 1.02:1 20 150 2.0 
b 1.025:1 205 200 2.4 
e 1.025: 1 17.55 135 2.0 
d 1.025:1 17.5 135 2.0 
e 1.025: 1 208 135 2.9 
f 1.025:1 20 135 2.0 
g 1.09: 1* 185 135 25 
h 1.1:1 18.5 150 2.0 
i 1.18:1 20 135 2.0 
j 1.02:1 18.59 190 2.4 


S Refers to crowbarred discharge at peak field of second half-cycle. 

X Case IV geometry (ceramic tube). 

yY Air leak introduced at the mirror; neutron pulse in Fig. 12 (j) 
is typical of a contaminated discharge. 


second half-cycle compression may show 1) a gradual 
fall-off of the second half-cycle neutron pulse 
continuing through the third half-cycle, see Fig. 12 (a), 
or 2) a second pulse of neutrons superimposed on the 
second half-cycle tail as a result of the third half-cycle 
recompression, Fig. 12 (h). The neutron pulse reaches 
a maximum at the peak of the magnetic field (second 
half-cycle). The sustainment of neutron yield during 
the time Bz passes through zero and reverses in sign 
can be interpreted in terms of plasma confinement 
by internal circulating @ currents. Streak photographs 
give no evidence of plasma striking the tube walls 
at this time and it is supposed that a second current 
sheath forms near the tube walls in a pressureless 
but highly conducting plasma similar to that suggested 
by CoteaTE for the normal pinch effect [16]. 

Magnetic probes show a trapped field at the start 
of the third half-cycle similar to that measured at 
the beginning of the second half-cycle. The residual 
plasma and magnetic field remaining near the center 
is recompressed by a new current sheath formed by 
the gas left originally outside. The residual particle 
density external to the plasma need be only a fraction 
of the starting pressure and yet have large enough 
conductivity to form a new current sheath at a time 
when the azimuthal electric field Hg approaches its 
maximum value (B,->0). In this manner, the residual 
second half-cycle plasma may be insulated temporarily 
from the glass walls while the external field passes 
through zero. 

In addition to this class of neutron pulses which 
yields the largest neutron number, there are other 
variations. For example, Fig. 1 (2i) shows a pulse 
rising in much the same way centered about peak 
magnetic field and then falling slowly to zero during 
the same half-cycle. 

The other variation in neutron pulse, shown in 
Fig. 12 (g) and (j), peaks ahead of peak magnetic 
field (unlike those discussed above) and exhibits a 
sharp break in an otherwise smooth rise. In most of 
the geometries, a shaped Pyrex vessel is employed 
fitting approximately the contour of the driving coil. 
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Upon insertion of a new discharge tube, several 
“conditioning”’ discharges are generally required before 
neutron production is maximized. During the 
“conditioning” period, neutron pulse shapes show the 
effect of contamination, Fig. 12 (j), but after ~10 
discharges become centered about peak magnetic field. 
Further evidence for impurities being responsible 
for the asymmetrical pulse shape was obtained with 
the contoured geometries. By accidentally producing 
a crack in the Pyrex tube wall within the driving 
coil, a small quantity of air was admitted to the 
D, gas flow. This had the result of shifting the peak 
of the neutron pulse ahead of peak magnetic field, 
see Fig. 13 (j). 

In another instance, a high alumina ceramic tube [2] 
(96% purity) was investigated. The electrical and 
geometrical parameters are tabulated in Table I under 
Case IV. The electrical parameters for Case IV 
Rm=1.09:1 are almost identical to those for Case IT 
Rm=1.1:1 whereas the geometrical dimensions are 
different. The results, in comparison to Case II 
Rm=1.1:1 employing a contoured Pyrex tube, show 
that 1) the average neutron yield is lower by a factor 
of 2—3, 2) the neutron pulse shape is generally 
asymmetrical, see Fig. 12 (g) or (j), 3) large light 
intensity is emitted from the discharge and 4) large 
bursts of hard x rays are detected frequently during 
the third half-cycle and always during the fourth 
and subsequent half-cycles. These x-ray bursts are 
also observed in a helium discharge. Except for the 
x-ray observations, the results are similar to those 
for a straight (uncontoured) Pyrex discharge tube. 
These results would suggest that the shape of the 
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discharge tube is more important than the kind of 
wall material at least for magnetic field densities 
within the coil of 20—25 J/cm’. 

In a few cases, see footnote “a” in Table I, 
in which straight cylindrical (noncontoured) discharge 
tubes were used, neutron pulse shapes were generally 
asymmetrical which, of course, reflected in the total 
yield. Under these conditions, according to visual 
observation and streak photographs, the light intensity 
had increased; in fact, the technique of visually 
observing the visible light turned out to be an in- 
dication of whether or not neutrons were produced. 
Under these conditions, the majority of discharges 
produced intense visible light and asymmetrical 
neutron pulses which peaked ahead of peak magnetic 
field. 

The explanation for this behavior, it is believed, 
centers around the initial stages of sheath formation 
at the walls of the discharge tube. It is felt that 
the current sheath forms near the inner surface 
of the glass tube along a magnetic flux surface where 
the electric field Hg is approximately constant as a 
function of z. If the diameter of the discharge tube 
is uniform in z, i.e., tube diameter=mirror exit 
diameter, the lines of magnetic force that necessarily 
follow the inner contour of the driving coil will 
intersect the glass walls. Under these conditions, a 
plasma may drift along the lime of force during the 
early stages of sheath detachment, strike the wall 
and cause evaporation and sputtering of the tube walls. 
The formation of a clean D, current sheath as a 
function of z becomes almost impossible under these 
conditions, with the consequence that impurity 
contamination is swept up by the collapsing current 
sheath. The speed of sheath formation and detachment 
from the wall may minimize the influx of wall im- 
purities, however. In the straight tube experiments, 
operating under identical conditions as for a contoured 
Pyrex tube, the neutron yield on the average was 
lower by a factor of 3—5 and showed an asymmetrical 
pulse shape. The difference in the contoured versus 
straight tube experiments might better be explained 
in terms of variation in He and the radial sheath 
velocity as a function of z. 

A study of the neutron yield as a function of applied 
voltage for Case II, Rm=1.02:1, shows that the 
average neutron yield increases by a factor of ~20 
for a 30% increase in voltage above 15kV. These 
data are shown in Fig. 13. For Case I, Rm=1.18:1, 
the yield increased by a factor of ~10 for a similar 
increase in voltage. These results suggest, with 
reference to the next paragraph, that B.*/8 xz may 
be the effective parameter only after the current 
layer is detached from the wall. 

When the geometry of Case I, Rm=1.18:1, was 
scaled down by a factor of 2, keeping the aspect 
ratio D/Z and mirror ratio Rm constant, the neutron 
yield increased only by a factor of ~2 for an ap- 
proximate fivefold increase in energy density, 
Bz (Case Il)~2.2 Bz (Case I). It was necessary to 
increase the initial deuterium pressure from 
~80 — 135 uw Hg in order to optimize neutron yields. 
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Fig. 14. Neutron yield as a function of mirror ratio. 


From these results, it appears that the initial stages 
of ionization leading to sheath formation are far 
more critically dependent on the pressure and applied 
electric field (Ze); e.g., variations in the formation 
and detachment time of a conducting layer from 
the wall influences the fraction of trapped field which 
in turn affects the compressions and/or heating of 
the plasma. The attempt to extend the above results 
by scaling from Case II to Case III at Rm=1.02:1 
failed. In this instance the increased magnetic field 
pressure at the inner surface of the mirror and on 
the face of the coil mechanically stressed the coil 
material beyond the yield point causing permanent 
surface damage. Coils made from ordinary face 
machining brass (60% Cu—40% Zn) or aluminium 
(Dural) show severe surface cracks* without extensive 
surface deformation. Less brittle materials like copper, 
silver or brass alloy of higher copper content show 
no surface cracking but instead show extensive surface 
deformation. Stainless steel at these field pressures 
does not exhibit the above phenomena. 

The mirror ratio as defined,* turns out to be a 
critical parameter** which sensitively affects neutron 
production. The trend in the neutron yield as a 
function of mirror ratio is shown in Fig. 14 for the 
geometries I and II. For Case I, the yield increases, 
on the average, a factor of ~4 for a decrease in Rm 
from 1.4:1 to 1.18:1. After geometrical scaling to 
Case II geometry at Rmn=1.18:1, the yield increased 
a factor of ~3 for a decrease of Rm from 1.18:1 
to 1.02:1. This behavior is contrary to expectations 
on the basis of less axial confinement as Rm—>1; 
however, it may be understood in terms of a more 
uniform gas breakdown and sheath formation as 


*See footnote at left on page 235. 

** This critical parameter might better describe the 
spatial variation of the axial B, field as a function of z 
and r. 
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the result of the improved uniformity of the B:- 
field as a function of z and r. 

Because of the rapidly increasing neutron yield 
as Rm—1, the ratio was reduced below | to an expected 
value of 0.9:1. Because of the sensitivity of the mirror 
ratio Rm to the diameter of the mirror section, the 
Bm/B, ratio turned out to be 0.77:1. This point is 
shown in Fig. 14 as Case I* in which the asterisk 
refers to an uncontoured Pyrex tube. All previous 


mirror ratios (Rm>1) were chosen on the basis of 


the availability of standard Pyrex glass tubing in 
order to maintain the contoured glass design previously 
discussed. For Rm<1, it was necessary to employ 
straight (uncontoured) Pyrex tubes. The large re- 
duction in neutron yield for a change in mirror 
ratio from Rm=1.02:1 to Rm=0.77:1 is attributed 
in part to wall contamination produced by the 
noncontoured (straight) glass discharge tube and also 
to the fact that the plasma tends to be expelled 
from the midplane as a result of the negative field 
gradient along the z axis. 

It is strongly felt that there exists a maximum 
in the neutron yield vs mirror ratio in the vicinity 
of Rm=1; it is also believed that this maximum 
is not singularly dependent on mirror ratio as defined 


but depends as well on the radial distribution of 


the axial B, field in the mirror region of the coil. 
In this report, the mirror ratio was reduced by 
increasing the diameter of the mirror section; this 
tends to make Bz vs r more uniform in the mirror 
region. 


3.4 X RAYS 


Measurements of soft x-rays from the orthogonal 
pinch for Case IT Rm=1.025:1 were made with a 
pinhole camera technique [19]. The pinhole, 1/3 mm 
diameter, viewed the cross section of the discharge 
in an axial direction at a distance of 35cm from 
the midplane of the coil. The x-ray film was placed 
13cm from the pinhole giving an image reduction 


of ~3. The pinhole was covered by three layers of 
consisting of 
50 wg/em? of aluminum backed by 27 yug/em? of 


aluminum-Zapon foil*, each foil 
Zapon. Each layer was opaque to the sun prior 
to attachment; the composite window (~225 yg/em?) 
was tested for light leaks upon completion of the 
experiments. 

The cassette was evacuated to reduce x-ray ab- 
sorption but maintained at a positive pressure with 
respect to the discharge in order to prevent breathing 
of the thin film during film changes. 

In Fig. 15 (a), (b), and (c), x-ray exposures refer 
to D, pressures of 135, 175 and 230 microns 
respectively. Photographs (a) and (c) were obtained 
with five (3—18.5 and 2—20 kV) discharges whereas (c) 
has, in addition, four 17.5kV discharges. The 
corresponding plasma source diameters range from 
2—1.2 cm at the midplane (z=0) in a tube of 6 cm 
diameter. Neutron production was recorded for each 


* Thin aluminum foils were provided by J. Conner, 
Los Alamos Scientific Laboratory. 
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Fig. 15 
viewed axially. Ry 
150 yg/em? of aluminum 


Pinhole camera photographs of a D, discharge 
1.025:1, Case Il. Thin window: 
75 ug/em? Zapon backing. 





ph 
wa 
dis 
bla 
de’ 
du 
du 


lin 
eff 
TI 


co) 


th 
ex 
pl 
at 





arge 
low : 
ing. 





photograph with neutron yield falling as the pressure 
was increased. Film exposed at 55 microns for 10 
discharges showed only a_ general perceptible 
blackening; neutron yield at this pressure was below 
detection although bursts of hard x ray were observed 
during the first half-cycle with occasional bursts 
during the second half-cycle. 

The interpretation of these data is not unambiguous. 


It seems unlikely that the exposures are a result of 


line radiations because of the large absorption co- 
efficients tabulated for photon energies up to 1 keV. 
The possibility of x ray from a small fraction of high z 
contaminant is not eliminated except to note that 
very little visible light is observed generally. With 
these qualifications, it is possible to analyze these 
exposures making the basic assumption that the 
plasma is radiating pure D, bremsstrahlung [21] 
at an electron temperature 7’c. 

From the transmission characteristics of aluminum 
as a function of electron temperature and a knowledge 
of the amount of radiant energy necessary to give a 
perceptible blackening [19] of the x-ray film, the 


.e) 
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electron temperature is estimated to be > 150 eV. 
This low result assumes that all the gas initially in 
the tube is radially compressed a factor of 10 and con- 
fined for ~7.5 ws with no gas streaming out the mirror. 
A less pessimistic electron temperature result is ob- 
tained from the estimation of the ion temperature 
based on the neutron yield from a Maxwellized ion 
distribution and the available number of equilibration 
times [22] for ion and electron collisions. These consi- 
derations give at most an electron temperature of 
~0.5 keV. The x-ray data are taken as evidence for 
the existence of an electron temperature in the range 
of 150—500 eV. 


3.5 Loop MEASUREMENTS 


The question concerning the effect of the probe on 
the magnetic behavior or conductivity of the plasma 
is of great importance. In order to supplement the 
magnetic probe data, a series of single-turn loops [23] 
which measure the enclosed magnetic flux, were 
placed around the outside of the discharge vessel and 





Fig. 16 Internal magnetic probe at 7 = 0 (second trace in top photograph) loop flux and external magnetic field sig- 
nals (top and bottom trace of lower photograph, respectively) as a function of time. “‘a’’ and “‘b”’ refer to planes z= 1 


and 5cm respectively. Sweep speed 1 yus/em. Vo 


16 kV, p (D,) 


80 u Hg, Case I and Rm = 1.18:1. 
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spaced at equal distances (2 cm) along the axis start- 
ing at z= — 1 em, see Fig. 3. With a vacuum discharge, 
the signals were shielded and balanced electrically 
with respect to the loop at z= — 1 to yield a null 
difference signal. Single-loop measurements of the 
flux were also recorded. The central loop was used 
as reference and the difference between it and each 
succeeding loop was measured on an array of two- 
beam oscilloscopes. The magnetic field outside the glass 
volume and on-axis were simultaneously measured 
in the plane of each loop. 

A typical set of loop and external magnetic field 
signals are shown as the lower two oscilloscope traces 
respectively in Fig. 16 (a) and (b); a refers to z=1 cm 
and b to z=5 em for a D, discharge of 80 microns, 
V,=16kV, Case I, Rn=1.18:1. The vacuum field is 
superimposed on each trace as reference and, although 
use is made of the vacuum reference signal in what 
follows, it should be clear that it only represents the 
average field for an unloaded coil. While the external 
field signal shows faithfully the magnetic field in a 


small region, the circular loop measures a product of 


two unknown quantities, i.e., the average value of the 
magnetic field and area. 

A comparison of the magnetic field and magnetic 
flux (loop) signals at z=1 and z=5 cm shows a slight 
phase shift; for example, the time variation of the 
average flux at z= 1 and z= 4.5 is not exactly the same. 
This is shown in Fig. 18 for Rn=1.18:1, Case I geom- 
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Fig. 17 The ratio of external magnetic field and magne- 


tic flux to their corresponding vacuum (no gas) signals 
at two z positions as a function of time for the data of 
Fig. 16. Rm=1.18:1, Case I, V,=16 keV, p (D,)=80x. 
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etry at V,—16 kV for p (D,)—60 microns. Figure 17 
is a plot of the time variation of the ratio Bgas/ By. 
and @gas/Pvac at the plane z=1 and z=5 em. It is 
shown in Fig. 17 that oscillations in the external 
magnetic field last longer atz=1 than at z—=5 
whereas the magnetic flux signals show an in-phase 
character for ~14- us which then depart. Beyond 
2+ us, the field and flux at both axial positions re. 
main approximately the same. One unusual point is 
that the phase relationship between the field Bgas and 
flux Pgas at z=1 is not 180° but instead ~90° while 
at z=5, Bgas and @gas are ~180° apart. These data 
are further evidence that the plasma dynamics is not 
simple, and rather supports the view, as shown by 
internal magnetic probes, that the plasma is under- 
going simultaneously radial and axial motion. It is 
certain that trapped reverse magnetic fields are present 
within the plasma boundary as discussed earlier. From 
an examination of the axial distribution of Bz field 
as a function of radius and time (Fig. 9) and the net 
magnetic pressure distribution (Fig. 10) at peak field 
time in the region of z<5cm, the data of Fig. 17 
would not be inconsistent with the view that the 
plasma radius near peak magnetic field for z<4.5 em 
might be smaller than at z>5 cm. Although flux data 
at other z planes z>5 cm have not been obtained, the 
present data are consistent with a plasma model in 
which the majority of the plasma resides away from 
the midplane at peak field time, i.e., in a region 
5<z<12 em for Case I geometry (symmetry is assu- 
med on the opposite side). Near peak field time, see 
Fig. 18, the external magnetic fields and enclosed flux 
at both positions approach a common value. Since the 
ratio @gas/Pvac is <1 at peak field time, it suggests 
that a fraction of the energy of the power supply has 
been expended 1) in creating the trapped field, 2) by 
motional energy in collapsing the gas, and 3) by the 
diffusion heating of the plasma layer during the con- 
version of the trapped field energy into plasma energy. 
The accuracy of the data is not sufficient to make an 
energy balance. 

On the basis of the conservation of magnetic flux 
and a particular plasma model, the data of Fig. 17 
‘an be used for calculation of the plasma radius as a 
function of time. Two models have been analyzed, 
1) a plasma model M-1 in which the plasma is dia- 
magnetic, i.e., all internal magnetic fields as measured 
by magnetic probes have been ignored and 2) a model 
M-2 which takes into account the presence of the inter- 
nal magnetic fields as measured. Figure 18 shows the 
calculated plasma radius as a function of time for 
models 1 and 2 at both z positions. Curve M-1 at 
z=1 em shows that the plasma compresses quickly 
to a small radius and remains approximately constant 
over peak magnetic field and shows very little expan- 
sion as the confining field decreases. Similar behavior 
is found at z=5 cm except that the plasma is com- 
pressed to a smaller radius than at z=1 em. Model 
M-2, on the other hand, shows that the plasma starts 
at a more realistic radius consistent with the fact that 
a fraction of the first half-cycle magnetic field is 
trapped by a current layer that forms prior to the end 
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Fig. 19 Calculated radius of the plasma as a function 
of time on the basis of plasma models M-1 and M-2 
defined in text. t = 0 is defined when the external driving 
field passes through zero (beginning of second _half- 
cycle). Ry =1.18:1, Case I, Vy= 16 keV, p (D,) = 80zn. 


of the first half-cycle ((=0 in Fig. 18 is defined at 
the beginning of the second half-cycle when the exter- 
nal magnetic field passes through zero). The plasma 
radius, like that for M-1, reaches a smaller radius at 
z=5 em than at z=1 cm, but unlike M-1, the radius 
begins to increase slowly toward the end of the radial 
oscillation period, increasing at a much faster rate for 
the plasma at z=1 cm than at z=5 cm. The plasma, 
according to this model, approaches the wall at 
~1.5—2.0us after peak field. This is partially a result 
of taking small differences occurring in the simple 
radius calculation, and represents the breakdown of the 
simple M-2 model. Furthermore, the internal magnetic 
field [second trace of top photograph, Figs. 17(a) and 
(b)] used in the calculation is valid only at r=0 and 
should be replaced by an average magnetic field over 
a larger radial distance. In spite of these effects, it is 
felt that M-2 is a more realistic approach to the actual 
situation because it involves the internal magnetic 
field which changes in sign from a trapped reverse field to 
the direction of the confining field. On the basis of inter- 
mixing heating, which increases plasma energy and 
temperature at the expense of the magnetic field energy, 
it is impossible for the plasma pressure to increase 
beyond that given by a net B?/8z, i.e., for confinement. 
In order for the plasma pressure to be kept in balance, 
the plasma must expand either in radius or along the 
axis or both (diffusion of plasma and field). The con- 
cept of intermixing heating causing an increase in 
plasma energy and radius fits Model 2 up to a turning 
point which depends on a precise knowledge of the 
magnetic fields and normalizations. The radius vs 
time curve in M-1 leads to the embarrassing situation 
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that the plasma is confined to an approximately constant 
radius as the confining field decreases toward zero. 
However, if true, the plasma pressure or particle den- 
sity is diminished at a rate which maintains the pres- 
sure balance (plasma end streaming). 

The insensitivity of the loop to small changes in 
plasma volumes is a serious factor to a detailed analy- 
sis. In fact, the presence of a reverse magnetic field 
and its return flux add further complexities to the 
possibility of ascertaining the correct plasma model. 


3.6 AZIMUTHAL ASYMMETRY IN THE Bz FIELD 


2 


In a pulsed mirror geometry, Fig. 3(a), the conserva- 
tion of magnetic flux is assumed throughout the coil 
length (skin depth < wall thickness). At the ends of the 
coil, the area available to the return flux is axially 
asymmetric and diminished as a result of the cross- 
sectional configuration of the coil, Fig. 3(b). The 
magnetic field asymmetry produced can be visualized 
by considering that the magnetic field is made up of 
imaginary lines of force which thread the coil. For 
a cylindrically symmetric coil, the number of emerging 
lines (flux density) is uniform in azimuth at the coil 
end. For a coil of nonuniform cross-sectional area, 
Fig. 3(b), the flux density is not uniform in azimuth 
because some of the lines of force that would have 
returned around the outside through the angular 
segment occupied by the feedpoint connection to the 
coil now are crowded (because of skin effect) into the 
remaining angular region. The main effect of the metal 
irregularities in the coil cross-section would appear 
to increase the magnetic field at those azimuths where 
the path length dl in the line integral OB-dl is a 
minimum. For the mirror geometry of Fig. 3(b), a 
minimum in the B, field or flux density would be ex- 
pected in the vicinity of the current connection. 

The magnetic phenomenon, commonly referred to 
as the “magnetic saw effect’? demonstrates vividly 
that the magnetic field is not uniform in azimuth 
especially in the mirror regions. Figure 19 shows an end 
view of the mirror geometry, Case IIT. As the magnetic 
field is increased, the material, in this case brass, begins 
to show surface depressions or surface cracks non- 
uniformly in azimuth. At high magnetic fields 
(~200kG) the effect is clearly shown after one 
discharge. The radial cracks also extend backward 
through the coil along the mirror surface for ~ 1.5 em 
showing that the field asymmetry produced by the 
irregularities in the outer surface at the coil are coupled 
to the field distribution in the mirror region. Once 
the cracks are produced, then growth is enhanced 
by local magnetic pressures due to 6 surface currents 
and by sparking across the crack due to L di/dt vol- 
tages. 

The effect of this type of field asymmetry on the 
behavior of a plasma was established by measuring 
the nuclear yield from a D, plasma in the Case II 
geometry Rm=1.02:1. Magnetic field perturbations 
were produced by 1) the fringing magnetic field of a 
small bar magnet (~70 gauss) placed alongside the 
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Fig. 20 
geometry showing angular variation of surface cracks 
caused by local region of higher magnetic field. 


End view of mirror coil, Case III, Ry, = 1.02:1 


coil, and 2) a bar of metal (1 in. x 10 in. x 10 in.) placed 
with the small dimension in contact with the coil 
surfaces forming a radial metal fin along the coil 
length. The latter perturbation approximated the 
effects of the bulky feedpoint connection and trans- 
mission line while the former was strictly a field distur- 
bance that varied from ~70 gauss at the top to 
~30 gauss at the bottom of the discharge tube. Both 
methods of field perturbation separately cause a 
decrease in the neutron yield by a factor of ~3 al- 
though probe measurements in vacuum, show no large 
field asymmetry. 

The overall results suggest that small magnetic 
field perturbations of ~70 gauss more than likely 
affect the early stages of preionization leading to the 
nonuniform formation and detachment of a cylindri- 
cally symmetric current sheath than the subsequent 
dynamics of the sheath. These field asymmetries may 
induce noncircular electric fields at early times in the 
discharge cycle causing some ionized particles to 
strike the tube walls before a current sheath is well 
established. If this occurs, wall impurities traveling 
inward with the sheath could well account for the 
reduction in neutron production. In other ways, field 
asymmetries may lead to earlier breakup of the plasma. 
The results of asymmetries produced in this manner 
emphasize the importance of field symmetry during 
gas breakdown. 

The results of the field asymmetry produced by the 
feedpoint spacing d between the current connections 
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to the coil, see Fig. 3(b), was observed by the implosion 
of thin-walled metal cylinders centrally located in the 
coil. The results for Case Il geometry Rm=1.02:] 
show that gap spacings of ~0.06 inch lead to non- 
uniformly collapsed cylinders opposite the feedpoint. 
When the gap scattering is reduced to 0.010 inch, 
the symmetry of collapse improves. This result shows 
that the magnetic force at the feedpoint spacing is 
weaker with the metal tube in situ. Without the tube 
the B. field measured across the diameter in line with 
the feedpoint is constant to 1—2%. In higher mirror- 
ratio systems in connection with the design of the 
Megatron [24] field, variations of 5—8°, in the axial 
field are found in the mirror ratio. 

The implosion can also be made cylindrically symmet- 
ric for gap spacing of 0.06 in. by soldering metal fin- 
gers alternately to each side of the gap with each 
adjacent finger crossing the gap in opposite directions 
along the inner surface of the coil. This technique 
25], which is best explained in terms of the line con- 
cept of magnetic fields, directly impedes (by stretch- 
ing) the movement of a line of force through the metal 
fingers because of skin effect. 


4. Discussion 
4.1 HEATING OF PLASMA 


The magnetic probe study has revealed experimen- 
tal evidence for field intermixing being the most likely 
mechanism [26] whereby the plasma can be heated 
to high temperatures. On the basis of the radial distri- 
bution of B- field shown in Fig. 7, some general state- 
ments can be made showing that such a nonadiabatic 
(irreversible) process can lead to a large increase in 
plasma energy at the expense of the trapped magnetic 
energy. The fraction of released magnetic energy is 
shown to depend on the sign of the trapped field. 

To discuss this point, consider a field distribution 
in which B-= Bz for r>a, and Bz=«Bz (—l<a< 

1) for r<a. By applying the conservation of energy 
and total magnetic flux under static conditions, one 
obtains the following expression for the energy depo- 
sited in the plasma per unit length: 

) (3) 
( 


1) (1 


where V,)=za? is the final plasma volume per unit 
length, « represents the fraction of trapped magnetic 
field and c=(r,/a)? is the volume compression factor. 

By inserting various values for « in Eq. (1), it is 
readily seen that W is very sensitive to « taking the 
value zero for « 1, and 4 ( Bz, V»/8z) for «=— 1 in 
the limit of large compressions (cco). For c= 10, 
this reduces to W,,= (0.9) W... and using W = 3/2 nkT, 
T can be estimated. With the insertion of a few repre- 
sentative experimental values for Case II, Rm= 1.02. 
taking ny»=1 x 10'* particles/ec, Bz max=77 kG, c~10 
and «~ —0.2, the sum of the ion and electron tempe- 
rature turns out to be 1.28 keV. 

It is found experimentally that the final magnetic 
field within the plasma boundary at the peak of the 
second half-cycle reaches ~0.75 to 0.8 of the external 
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field resulting* in a /~0.4. On the basis of a pressure 
balance calculation, using the same parameters as 
above, the measured magnetic field can confine a 
most a plasma temperature (7'.+ 7) of ~660 eV at 
peak magnetic field. Lower particle densities which 
result from plasma streaming through the mirrors can 
raise the final gas temperature to almost any arbitrary 
value. 

Perhaps more basic than the ensuing field intermix- 
ing process is the question of why such a process occurs. 
Experiment shows that when a trapped field is present, 
intermixing or the interdiffusion of fields occurs for all 
cylindrical geometries. This phenomenon occurs over a 
wide range of applied voltage, energy and magnetic 
field rise-times and for the gases argon, helium, 
deuterium, hydrogen, and air. One proposal for the 
onset of intermixing deals with a limiting current 
density and the failure of Ohm’s law, j=Eo, i.e., a 
region is reached where the current-field relation be- 
comes nonlinear and field penetration becomes rapid 
(higher resistivity). This proposal seems less likely 
since intermixing has been observed over a wide range 
of applied voltage and currents. Another and more 
interesting proposal [27] suggests that at B.—0, 
occurring in the Bz vs r distribution, electrons can run 
away gaining large azimuthal energies. This process, 
which involves the two-stream electrostatic instability 
process [28] can lead to radial variations in the ampli- 
tude of the electron trajectories in the azimuthal 
direction (plasma oscillations). As a result, these oscil- 
lations are capable of carrying large numbers of run- 
aways away from B.=—0 into regions of positive and 
negative magnetic field in a sense diffusing rapidly 
across the field lines. It is also possible for these fast 
electrons to give up their energies to the ions during 
the interdiffusion process which might appear as net 
heating. A detailed treatment of the two-stream insta- 
bility process (runaway phenomenon) leading to plas- 
ma layer breakup and the possible mechanisms of trans- 
ferring energy to ions is required. Such questions [29] 
relating to the influence of contaminant ions (both 
singly and multiply charged) on the instability growth 
rate should be answered. It is believed that the onset 
of field intermixing is basic to these pinch geometries 
and that the ensuing processes (field intermixing and 
neutron production) are a manifestation of this result. 
In addition, plasma motion in the axial direction 
(+z) produces further complication in any single 
process. 


4.2 CONFINEMENT 


With some possible process** accounting for high 
plasma temperatures, neutron production is not too 
surprising. What is surprising though is the fact that 
neutron production remains finite through a B, zero 

* 6 = nkT'/(Bz*/8z), where Bz is the external magnetic 
field. 

** Deuteron acceleration processes leading to an ani- 
sotropic neutron energy distribution have been omitted 
on the basis of the proton energy measurements. However, 
axial plasma acceleration processes similar to colliding 
plasma jets would develop only a small or negligible 
neutron energy shift. 
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with a substantial neutron yield during the third half- 
eycle, Fig. 13. Streak photographs show little or no 
visible light at the walls of the vessel during the fall 
of the second half-cycle magnetic field. Although the 
plasma must expand while the external magnetic field 
decreases, the plasma may be prevented from making 
contact with the wall by a secondary current layer. 
This phenomenon of confinement can be looked upon 
as produced by a short circuit or crowbar current layer 
near the tube walls which shields the main discharge 
and which limits the tendency for the plasma and 
field to interdiffuse uniformly in radius during the 
decrease in the external driving field. This crowbar 
current layer, similar to that observed in a normal 
pinch discharge [16], can be produced conceivably by 
a highly conducting low-pressure gas layer (pressure- 
less plasma) near the tube wall as the external magne- 
tic field decreases toward zero. There are no indica- 
tions from external magnetic flux (loop) measure- 
ments that recompression of the residual second half- 
cycle plasma has occurred until a few tenths of micro- 
seconds prior to B:—0. At this time a luminous front 
(streak photograph) is observed to detach from the 
wall and implode during the third half-cycle. Magne- 
tic flux measurements at the time of a B-—0O show a 
trapped flux of short duration, subsequently taking 
the sign of the second half-cycle magnetic field as the 
current sheath is detached and compressed. Internal 
magnetic probes show the formation of a trapped 
reversed magnetic field similar to that observed during 
the critical phases of the second half-cycle compression. 
Although the physical reasons to explain these experi- 
mental facts are not known at this time, we are certain 
that the plasma remains away from the wall during 
the decreasing portion of the second half-cycle and is 
frequently recompressed during the third half-cycle. 

Smear photographs and magnetic probes show that 
plasma end losses are increased as the mirror ratio 
decreases. On the basis of a confined thermal plasma 
in cylindrical geometry, the particle loss rate Q can be 
shown to depend on nvR? where x is the particle den- 
sity, v the mean thermal speed and R? the exit 
aperture. In these experiments, the streaming plasma 
in the mirror would reduce the effectiveness of the 
mirror field to confine and provide an exit aperture 
much larger than expected (based on a single-particle 
model). Although plasma end-streaming is evident 
throughout most of the second half and remaining 
discharge cycles, the rate of decay of the neutron yield 
at peak magnetic field appears dominated at first by 
the decrease of the particle density as the plasma radius 
expands (plasma and field diffusion) and later by the 
depletion of the particle density as a direct result of end 
streaming (note two distinct decay rates of the exten- 
ded neutron pulses in Fig. 13). 

Confinement of the plasma between the mirror ends 
became more effective as the mirror ratio was in- 
creased from 1.4:1 to 5:1. In the latter case, according 
to streak photographs taken along the tube axis 
external to the mirror, axial confinement of the plasma 
was improved; however, transverse photographs of 
the plasma between the mirror showed chaotic motion 
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of a highly luminous plasma which appeared to under- 


go large amplitude radial displacements. The lines of 


magnetic force, in the 5:1 case, have very pronounced 
curvatures and lead theoretically to a growth of the 
plasma-field interchange instability. The experi- 
mental results, probes and smear photograph, support 
the view that the plasma breaks up rapidly into 
isolated blobs or a general mist for Rm=5:1 and, in 
contrast to the lower Rm. shows no detectable neutron 
yield. 
4.3. NEUTRONS 

The question as to whether neutrons are produced 
as a result of accelerated motions, instability growths 
or from a thermalized plasma remains in a very 
unsatisfactory state. However, experimental evidence 
taken in its entirety favors the interpretation that 
the plasma is heated by the conversion of trapped 
reverse field energy to plasma energy during the 
intermixing of fields and that the heated plasma is 
confined from the walls during the fall of the magnetic 
field by circulating 9 currents (self-crowbar currents) 
formed near the insulating wall. From the duration 
and shape of the neutron pulse during the second and 
third half cycle and from an estimation of the number 
of relaxation times available based on a conservative 
estimate of particle density and temperature, a con- 
sistent interpretation would tend to discriminate 
against a direct ion acceleration mechanism in favor 
of one involving a thermalized plasma [30]. 

Although plasma heating, in these experiments, can 
be achieved by the intermixing of magnetic field and 
plasma, a combination of processes, involving 1) the 
annihilation of the trapped reverse magnetic field 
leading to complete intermixing of plasma and field, 
2) adiabatic compression of the heated plasma after 
the trapped field is reduced to zero and 3) the continued 
interdiffusion of plasma and field beyond peak 
magnetic field on a much reduced scale, is not in- 
consistent with the observations. 

If a plasma temperature 7'j can be assigned on the 
basis of neutron yield, time duration (10 ws), initial 
density 10'*/ce and radial compression (~10), the ion 
temperature would be ~0.5 keV. In these experi- 
ments, the final plasma volume and particle density 
in the presence of plasma end streaming are not 
known accurately; however, if these neutrons arise 
from a thermal plasma, then 7Tj;~ 0.5 keV, based on 
the initial density and radial compression, represents 
a lower limit for the ion temperature. 
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A PARAMETER STUDY OF MAGNETIC COMPRESSION OF PLASMAS 


WITH END LOSSES 


A. C. Kota, W. R. Faust, A. D. ANDERSON 


UnrITED StTaTES NAVAL RESEARCH LABORATORY, WASHINGTON, D.C., U.S.A. 


Numerical calculations of the adiabatic compression of a collision-dominated plasma in finite, 


single-turn coils have been carried out with the initial 6 and plasma state as parameters. The end 


losses drastically influenced the character of the discharge, as is observed experimentally. However, 
the measured heating rate for the electrons is much higher than predicted, pointing to an additional 
heating mechanism, presumably involving the dissipation of an initially trapped reverse magnetic 


field in the plasma. 


1. Introduction 


The slow compression of a high density, collision- 
dominated, shock-preheated plasma by a rising mag- 
netic field directed along the axis of a single-turn coil 
affords a method for heating plasmas to the kilovolt 
range [1—3]. The heating rate has been determined 
from measurements of the electron temperature by 
an analysis of the Bremsstrahlung radiation in the 
soft x-ray region [3]. These observations led to the 
following numerical calculations of the heating rate 
for an adiabatic compression of a uniform plasma 
cylinder containing a trapped magnetic field to 
determine whether the observed electron temperature 
can be accounted for by compressional heating or 
whether other dissipative mechanism 
dominates. 


some pre- 
The situation is complicated because the magnetic 
compression is influenced by end losses and these must 
be taken into account in computing the time-depend- 
ence of the density, temperature, plasma radius, etc. 
In an earlier paper [4] this problem was discussed 
and some analytical results given for the case /=1 
and for an arbitrarily chosen plasma mirror ratio 
Rm=3. For cases where $< 1 initially, the relevant 
equations must be solved numerically in order to 
assess more precisely the influence of #6 and Rm on 
the compression. Accordingly, the heating rate has 
been computed for a range of initial densities and 
temperatures as well as for various initial =f, and 
coil lengths. This parameter study serves to hide our 
experimental ignorance of the actual mirror ratio, the 
initial conditions produced by the shock implosion, 
and to see if any reasonable set of circumstances can 
account for the observational data according to the 
present model. Some preliminary conclusions based 
on a comparison between the rather limited data and 
these calculations are discussed in the last section. 
Another motivation for carrying out these calcu- 
lations was to get some idea of the importance of the 
end losses (by having the coil length and mirror ratio 
as parameters) in order to guide the extension of a 
more realistic analysis [5, 6] which takes into account 
the nonuniformity of the plasma, ion-electron re- 
laxation, thermal conduction, finite conductivity and 


shock phenomena by solving the full magnetohydro- 
dynamic equations for an infinite cylinder. Also, the 
present calculations of the effect of end losses on the 
plasma state and volume serve to estimate the errors 
introduced by treating the experimentally realizable 
compression problem (with losses) by exact numerical 
solutions of the infinite plasma cylinder problem. 


2. Formulation of equations 


The problem considered here is the compression of 
a finite cylinder of plasma by an external magnetic 
field, including the effect of end losses. It is assumed 
that the plasma is shock-preheated to a uniform initial 
state, at which time the temperature of both ions and 
electrons is presumed to be 6, (expressed in energy 
units) while the radius of the plasma is Ry. During 
the preheating phase, a magnetic field By, is trapped 
within the plasma. Under these conditions the com- 
pression results in the loss of ions and electrons from 
the ends of the cylindrical column, which can be 
represented by 

d 


dt (Vii, e) 


- (Mi, e)av ; (1) 
where V=7x/R? is the volume of the plasma, nj,- 
denotes the ion and electron densities and Mj, 
represents the ion and electron loss rates from the 
mirror regions of the plasma, which is specified later 
for particular conditions. In addition to the particle 
losses, the equation for energy conservations leads to 


d v ( f6 V By? 
dt | ~ ni) a 8x 
dV 


= (éi Mi) av 4 (Ee M-)av - Pm di (2) 
where f is the number of degrees of freedom of the 
particles and By, is the internal magnetic field in the 
plasma. ¢ and ¢ are ion and electron energies for 
particles leaving the system so that (2 Mi)av, (@e Me)av 
represent the average energy loss rates due to flow of 
plasma through the mirror region. For the numerical 
computations f was taken to be 3 for a collision- 
dominated plasma (f=2 for the radial compression 
of a low density collision-free plasma). Pm is the 
magnetic pressure due to the external magnetic field 
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B which is balanced by the sum of the gas pressure 
and the pressure produced by the internal magnetic 
field Bp, viz. 


B? B,? 
Pm == : 


= (Me + ni)O + ‘ 3 
8x (ne i)? 4 8x (9) 
Since it is assumed that the initial internal magnetic 
field B, is trapped in the plasma, the field at any 
instant is given by flux conservation 
Bo Vo 

y 
where V, is the initial volume of the plasma. 

The model assumed for the mirror loss is that free 
flow takes place through apertures of area A at the 
ends of the plasma cylinder. By use of the elementary 
result from the kinetic theory of gases regarding efflux, 
the mirror loss of ions from the plasma is found to be 


(Mi,e)av = 


where ci=V80/m; is the average ion velocity, | is 
length of the plasma cylinder, and Rm is the mirror 
ratio which is defined as the ratio of the area of the 
bulk of the plasma to the area of the end aperture. It 
is implicitly assumed here, for simplicity, that Rm 


R, = 


V ni, e Ci 


21 Rm 


(4) 


is a constant while it may actually be a function of 


the magnetic field, particle velocity, #, etc. [4, 7, 8] 
If it is assumed that the plasma as a whole is electri- 
ally neutral, then the loss rate of ions and electrons* 
must be equal so that Mj—M,. This implies that the 
electron velocity of efflux differs from the electron 
thermal velocity because of the presence of space- 
charge electric fields. 

The average energy loss ¢¢ Mj)ay for ions can be 


written as 
¢éj Mi) av = Cs i] M; ° (5) 


Now the classical result from the kinetic theory of 


gases for the average energy of molecules escaping 
freely from a hole in a container is 26 rather than the 
mean kinetic energy (3/2)0 for the molecules in the 
container as a whole. Therefore, we take ¢;=2 for 
the ions, i.e. one assumes that no work is done by the 
plasma as it flows out the ends. 

Since the electrons are constrained by electro- 
static forces, the free flow value of 26 for the average 
energy of escaping ions does not apply and ¢.=3/2, 
corresponding to the thermal energy, is used for the 
electrons; thus (¢;Mi+¢-M-e) =€Mi=7/2 Mi with 
C=7/2. 

To simplify the formulation of the problem for use 
on a digital computer, the equations are written in 
terms of the total particle density n= nj+ me, so that 


d 7 = a << Vn cj . 
47 (Vn) =—(Mit M)=— pp (6) 


d fy {0 , g Bp*\ _ 70 (n\ Vej BB? av 
ac (Vm'y +¥ ge) ——"F (3) 


' 8x 2\2/21Rm 8x dt 
; (7) 
B? = 8rnO + ( =a : y. (8) 


* Hereafter the particle loss rates (Mj)ay, (Me)av are 
denoted by Mj, Me. 
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The neutron yield NV in neutrons per second is cal- 
culated from 


1N Vn? 
43 3 <7 i)pp 


where, for @ expressed in keV, 


2.6 x 10-4 18.63 ' 
<0 ci) pp 62/3 exp{ gia \ ems s. (10) 


zl R?n* 
= - (6 ¢i)pDD (9) 


It can easily be shown from Eqs. (1)—(4) that the 
effect of end losses can drastically influence the 
heating of the remaining plasma during the compres- 
sion, as derived earlier [4]. 


6 no Vo 1—(2¢/f) Ve 2/f 
i, | nV | r) (11) 


To complete the description of the compression 
process the equation relating d R/dt and the parameters 
of the electrical discharge system are required. How- 
ever, the problem may be simplified by assuming 
that the inductance of the discharge circuit is inde- 
pendent of the plasma radius. If the initial radius 
of the plasma R, is much less than R., the radius of 
the coil, then this is an excellent approximation, and 
especially so if there is any external inductance. To 
facilitate computation, the magnetic field in a single- 
turn coil will be assumed to be given by 


YC 
B = (Bo? + 82 19 95)!/2 + 1.256 > L° ‘Tsin wt, 


(12) 
1/V LC and t=(z/2) V LC/In (1/6). Here L 
is the total inductance of the capacitor bank and coil, 
while C is the total capacitance. FE is the voltage to 
which the bank is charged while 6 is the logarithmic. 
decrement L/2r, where r is the circuit resistance. 
The first term is the magnetic field required to confine 
the plasma and trapped field B, at t=0. 

In the integration of the equations, the Runge- 
Kutta method was employed on the NRL digital 
computer (NAREC). The particular method used was 
one with error of order (h)> where h was the interval 
from one integration step to the next. In the actual 
computations, values of L and C typical of the existing 
capacitor banks at NRL were used, and a value of 
6 was chosen that gave the approximate damping 
of the observed current. 


where w 


3. Discussion of numerical results 


Calculations for the 20 kilovolt, 250 kilojoule and 
2 megajoule NRL capacitor banks were carried out; 
but the qualitative results can be considered as typical 
for large magnetic compression experiments. 

Figures 1, 2: The time-dependence of 6, n, R, N 
with the initial £, (0.3, 0.6, 1.0) as a parameter are 
shown for two different initial n, and 0, (5 x 10'® em-°, 
6.95 keV and 10!*cm-%, 0.1 keV) corresponding to 
density and temperature estimates from numerical 
solutions [5, 6] of the magnetohydrodynamic equations 


for the initial implosion and first few oscillations of 


the plasma column. Coil lengths of 70 cm (diameter: 
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Fig. 1 6 (keV), n (particles per em*), N (number of 
neutrons), and R (relative units) plotted as functions of 
time for the 285 kilojoule capacitor bank to illustrate 
their dependence upon fy. Here Ry» = 3.0 while! = 70 cm. 
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Fig. 2 6 (keV), n (particles per em’), N (number of 
neutrons), and R (relative units) plotted as functions of 
time for the 2 megajoule capacitor bank to illustrate their 
dependence upon fy. Here Ry = 3.0 while |= 180 cm. 
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6cm) and 180 cm (diameter: 10cm) correspond to 
experiments now in progress. The final temperature, 
density, and radius varies by a factor of 2—3 for a 
range of initial B, of about 3, depending slightly on 
the initial conditions. However, this is reflected in a 
variation of neutron yield by 2—3 orders of magni- 
tude. 





These results, which completely neglect radial 
nonuniformity of the field and plasma as well as the 
dissipation of trapped magnetic fields, show that the 
initial v5, 0, and f, at the beginning of the slow com. 
pression phase must be accurately known in order to 
predict with any precision the final plasma state. 
Furthermore, since the neutron yield is such a sensi- 
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B plotted as a function of time to illustrate its dependence upon mirror ratio Rm. Both curves are for initial 
10'® particles per cm*. The upper curve is for the 285 kilojoule bank with a coil of 
70 em length while the lower curve is for the 2 megajoule bank with l 


Fig. 3 


conditions of 6 = 0.10 keV and n, = 
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Fig.4 6 (keV) and N (number of neutrons) plotted as functions of time to illustrate their dependence upon R,, for 


the 2 megajoule capacitor bank. Initial values of the parameter are fy 


per em? 


tive function of all the parameters of the system, it 
serves as a very poor thermometer without auxiliary 
measurements of density, # and plasma volume. 
Figure 3: The plasma # drops rapidly with time 
and depends critically on the mirror ratio for small 
values of Rm, where end losses cause the plasma to 
over-compress relative to the case where there are no 
end losses and the usual adiabatic relations hold. 
This is because the magnetic field behaves like a two- 
dimensional fluid with y=2 while the plasma has a 
y=5/3, corresponding to a three-dimensional fluid. 
As a result, relatively more work is done in compressing 
the trapped magnetic field than in heating the plasma 
causing the # to drop with increasing field strength, 
even when losses are negligible. These results indicate 
why it has not been possible to generate high tempera- 
tures and neutrons in magnetic compression experi- 
ments with poor preionization. Without preheating, 


0.60, 6, = 0.10 keV and n, = 10'* particles 


the external field penetrates the plasma early in the 
discharge and the initial fy, as well as 65, is low. 

With a reverse field, however, there is always a 
region where # is nearly unity and additional heating 
is accomplished by the interdiffusion of the external 
and trapped fields [9, 10]. The general conclusion here 
is that without a reverse field, a 6, of nearly unity 
would be required with present experimental apparatus 
to reach kilovolt temperatures by simple shock-heating 
and adiabatic compression. 

Figures 4 and 5: The temperature and neutron 
yield depend less critically on the coil length and 
mirror ratio for a given capacitor bank, as is borne out 
by experimental observations [1,3] with the 250 
kilojoule system. The 2 megajoule experiment is still 
in the preliminary stages and has as yet yielded no 
further information on this point. In Fig. 5, it is seen 
that the final temperature increases with increasing 
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mirror ratio for initial 6, ~ 0.6 (or less). This occurs 
because the # rapidly drops below 6=0.4 (See Fig. 3) 
which has been shown [4] to be a critical value, above 
which end losses serve to heat the plasma (in addition 
to the heating expected from a pure adiabatic com- 
pression) because of the consequent over-compression. 
Only at high initial fy can one expect additional 
heating due to end losses, contrary to earlier ex- 
pectations and prior to the present numerical analysis. 








observed [3] in the 250 kilojoule experiments are not 
consistent with the above calculated temperatures for 
any reasonable set of initial conditions. The tempera- 
ture rises much faster (up to ~1 keV/us with an 
initial reverse field of —6 kG) than indicated by the 
adiabatic theory, including end losses. The large 
discrepancy cannot be attributed to some very high 
temperature region due to plasma nonuniformity and 
points to the importance of field mixing as a powerful 





























The high electron temperatures of 1—3keV heating mechanism, perhaps caused by some instability 
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Fig. 5 6 (keV) and N (number of neutrons) plotted as functions of time to illustrate their dependence upon coil length 


for initial £ of 0.60. The two curves on the left correspond to the 285 kilojoule bank while the curves on the right 


represent the 2 megajoule bank. 
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of the current sheet which reverses the field. Dissi- 
pation of the reverse field which is initially present in 
the plasma by ohmic heating is now being calculated 
(6). 

The present calculations may still be relevant 
where the trapped field is in the same direction as the 
external confining field. Unfortunately, however, the 
diagnostic measurements for this case are not con- 
clusive because of difficulties in measuring low 
electron temperatures from soft x-rays. Further 
experiments with no reverse field, using the higher 
external fields available with the 2 megajoule capacitor 
bank, are expected to yield further information on 
the heating mechanisms because here high electron 
temperatures and consequent x-ray 
possible, even without a reverse field. 


emission are 
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ENERGY DISTRIBUTIONS OF PROTONS IN DCX - 
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C. F. Barnett, J. L. Dunutap, R.S. Epwarps, G. R. Haste, J. A. Ray, R. G. Rernnarpt, ar 

, : , 7 th 
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Oak RipGe NATIONAL LABORATORY ca 
Oak RipGe, TENNESSEE, U.S.A. we 

of 

A particle spectrometer has been used to measure the energy distributions of neutral hydrogen In 
atoms escaping from the 300 keV proton storage ring in DCX as the result of electron capture colli- nu 
sions between trapped protons and background gas molecules. A portion of the atoms were convert- co 
ed to protons by passage through an argon-filled gas cell, and the proton beam was then electro- ca 
statically analyzed. Energy distributions of the circulating protons were obtained by transforma. 
tions applied to the measured distributions. 

For both gas and carbon arc dissociation the energy distributions were strong functions of the 
injected H,* current and the location of the region of sampling relative to the median plane. A 
number of curves are shown illustrating these dependences. 

With are dissociation, the circulating protons lost energy at a rate of about 20 keV/ms with a 
0.1 mA injected current, and at a rate twice this value when the current was increased to 2.3 mA. M 


Most of the 20 keV/ms loss rate is believed to be due to coulomb collisions of the circulating protons 
with electrons in the dissociating arc. This loss rate is within a factor of two of that calculated on lo 
the basis of loss to electrons of a Maxwellian distribution, well within the accuracy of the are param- 
eters used in the calculation. Several mechanisms that might account for the additional energy 
loss rate at higher currents are suggested, but details of the origin of this loss are as yet unclear. 
The additional energy loss had the consequence of decreasing the mean storage time of the circu- Ww 
lating protons. 


w 
Measurements with gas dissociation also showed an increase in the rate of energy loss with injected r 
current. : 
va ‘ ; ss ee eae ee n 
With either arc or gas dissociation, the response of the energy distributions to changes in injected " 
H,* current indicated the presence of a non-collisional dispersing mechanism which increases in ; 
importance with increases in injected current. The nature of this mechanism is not clear. s 
t! 


1. Introduction the carbon arc itself was found to contribute materially 


to electron capture losses. SNELL [4] and DunwapP [5] 
have described our earlier observations of the electron t 
capture collisions of circulating protons* with the 
multiply-charged carbon ions in the arc. When t 
operating with a 6.7 kG field, a proton orbit radius 
of 13.5cm, and a pressure of 10-*mm Hg in the 


The DCX approach to the attainment of a controlled 
thermonuclear reaction has been described previously 
[1, 2]. Briefly, creation of a dense, high temperature 
plasma is to be attempted by accelerating diatomic 
deuterium ions to 600 keV and injecting them into 
the median plane of a magnetic mirror confinement 





volume where some of the diatomic ions are dissociated 
by collisions in a high vacuum carbon arc. The atomic 
ions thus produced are trapped in the magnetic field 
because of the change in charge-to-mass ratio. If the 
density of deuterons can be increased to a critical 
value, a condition known as burnout [3] presumably 
will occur. Essentially, the required critical density 
is that at which thermal neutral molecules entering 
the plasma have a high probability of being ionized 
and ejected through one of the magnetic mirrors 
along the magnetic field lines. Thus, through the 
process of burnout, the interior of the plasma would 
be protected from neutral molecules, and further 
increases in density would occur without an increase 
in the injected molecular ion current. 

It was initially believed that at low plasma densities 
the principal loss mechanism for the trapped energetic 
ions would be electron capture collisions with residual 
gas molecules present in the plasma volume. However, 
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plasma region, approximately one-third of the trapped 
ions were lost by electron capture collisions in the 
are and two-thirds by similar collisions with the 
background gas. When foreign gases were introduced 
to raise the pressure, fewer ions underwent charge- 
exchange in the arcand more were lost in the background 
gas. Thus, at a pressure of about 10-5 mm Hg of 
hydrogen gas, 95 percent of the charge-exchange loss 
resulted from collisions with gas molecules. 

A second problem became clear when, at the higher 
gas pressures, the proton containment times measured 
with arc-dissociation were compared with those 
measured with gas-dissocation (dissociation by col- 
lisions with gas molecules in the plasma volume). At 
pressures of 10-5 mm Hg, where proton losses in the are 
were negligible compared to losses in a hydrogen gas 


* At present hydrogen is injected rather than deute- 
rium, so as to avoid neutron generation from the walls of 
the vacuum vessel. 
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background, the containment times with are 
dissociation were only a fraction of those measured 
with gas dissociation. Since the electron capture 
cross-section of protons in hydrogen varies ap- 
proximately as (proton energy)~* in a wide range 
around 300 keV [6], a possible explanation lay in 
the degradation of the proton energy by coulomb 
collisions with the relatively cool electrons in the 
carbon arc. 

To investigate energy degradation, a spectrometer 
was constructed and used to measure energy spectra 
of the energetic neutral particles escaping the plasma. 
In this paper we describe the spectrometer and a 
number of experiments performed with it, and 
compare the results of these experiments with 
calculable predictions of the proton energy loss rate. 


2. Energy loss considerations 


SpPITzER [7] has considered the energy loss of an 


energetic ion to a background of electrons with a. 


Maxwellian velocity distribution. The rate of energy 
loss of a proton with energy W is: 


dw 4=ne*w (In A) G(X) 
7 T (1) 


where X=[m-W/mT'}/?, n is the electron density, 
w the proton velocity, In A the logarithm of the 
ratio of the maximum impact parameter to the 
minimum (tabulated in [7]), 7’ the kinetic temperature 
of the electrons (eV), G a weighting function (tabulated 
in [7]), me the electron mass, and m the proton mass. 

GILBERT [8] has integrated Eq. (1) by approximating 
the G(X) function as 


9/F wie 

G(X)=- (2/8-Vx) X 

1 + (4/3 x) X8 

to arrive at: 

(m/me) T?/2 Xo onl ¥ 3 X \3 

; (2.91 x 10-*) nIn A {n= + 0.251 X, [: = x) } 
(3) 

where X, is the initial value of X. This integrated 

form may be used to determine the time required 

for the energy to decrease from an initial value W, 

to some value W. 
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3. Description of DCX 


Several modifications to the apparatus have been 
made since the last reports appeared [4, 5]. Fig. 1 
is a schematic diagram of the longitudinal section 
of the present apparatus. The two innermost coils 
produce the magnetic mirror field used for particle 
confinement. The mirror ratio is 2:1 and the field 
strength on axis in the median plane is 10 kG. Two 
outer coils were added to increase the axial extent 
of the field to permit withdrawal of the are electrodes 
farther from the median plane, thus decreasing 
contamination of the plasma volume. 

A two-region vacuum geometry is employed. In 
the inner section, the plasma region, pumping is 
provided by the ionizing action of the carbon arc, 
which under normal operating conditions has pumping 
speeds of 4000 1/s for air and 7500 1/s for hydrogen. 
Surrounding the inner region is a water-cooled copper 
cylinder which can be baked at 400 °C by shutting 
off the flow of coolant and allowing the radiant 
energy (approximately 20 kW) of the carbon arc to 
heat the walls. With the are in operation, pressures 
as low as 5x 10-7mm Hg have been obtained in 
the inner region. Continued outgassing of the wall 
surfaces with the are in operation probably fixes 
this lower limit. In the outer regions the presence 
of the arc electrodes leads to operating pressures of 
about 10-5>mm Hg. Pumping in these regions is 
provided by two 80cm diffusion pumps at each end 
of the apparatus. 

Fig. 2 shows the ion orbits in the median plane. 
The beam enters the magnetic volume through an 
unshielded tube and intersects the arc approximately 
180 degrees from the entrance. The beam trajectory 
then completes a 360 degree arc, crosses itself, and 
emerges through an aperture to the outer vacuum 
region. Dissociation in the arc of from 5 to 20 percent 
of the H,* ions forms a ring of protons concentric 
with the axis. 

The density of the trapped protons is best obtained 
from the relation 

ny = Ot (4) 

J 
where J is the injected H,*+ current expressed as 
particles per second, f the fraction of the injected 
beam that is dissociated, t the mean containment 
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Fig. 1 A longitudinal section of the DCX apparatus. 
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time of the circulating protons, and V the plasma 
volume. 


Maximum fast proton densities in the order of 


10° to 10° particles em-* have been achieved with 
injected H,* currents of 3 mA. 

The mean containment time of the plasma is 
determined from measurements of the escaping 
energetic hydrogen neutrals formed by _ charge- 
exchange collisions between the circulating protons 
and the background gas. These neutrals are allowed 
to impinge upon so-called “‘neutral particle detectors”, 
each of which consists of a grounded Ni _ foil 
2.5 x 10-° em thick, backed by an insulated Faraday 
cup. The foil thickness is sufficient to insure a 
statistical equilibrium of charge states between the 
ions and neutrals emerging from the back surface. 
For 300 keV incident neutrals, more than ninety-nine 
percent of the emerging particles are charged. The 
energy cut-off of the foils is 50 keV, and hydrogen 
particles with energies greater than 150 keV are 
transmitted unattenuated in number. The current 
from the Faraday cup is amplified by a transistor 
circuit whose output is then displayed on an 
oscilloscope. Deflector plates are arranged so that 
the injected H,+ current can be switched off in a 
few microseconds. The decay of the neutral particle 
current in the ensuing interval is then the decay 
of the fast proton plasma. The mean containment 
time of the plasma is defined as the time interval 
required for the neutral particle current to decay 
to l/e of the steady state value. 

A description of the carbon are has been given by 
Luce [9]. The cathode consists of an annular tungsten 
cylinder with an outside diameter of 1.6em and an 
internal diameter of 1.25em. The anode is made of 
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A cross section of the median plane of the DCX apparatus. 


vacuum prebaked graphite. A low intensity discharge 
is first produced by introducing argon gas into the 
cathode region and applying a radio-frequency voltage 
between the electrodes. A de voltage is then connected 
between the electrodes to produce the intense discharge. 
Operating conditions are usually 250 V and 300A 
with an are length of 3m. Densities of 10" particles 
em~*, as determined by microwave transmission, are 
usually associated with this type of arc. Spectrographic 
measurements and measurements of electromagnetic 
noise radiation indicate an average electron tempera- 
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Fig. 3 The time variation of proton energy due to colli- 
sions with are electrons as computed from Eq. (3) using 
the parameters of the experiment, which were an elec- 
tron temperature of 5 eV, an are density of 10'* electrons 
em~’, and an are diameter of 2.54 em. 
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ture of 5eV. Using these parameters, Eq. (3) may 
be used to calculate the time dependence of the proton 
energy. The results obtained for an initial energy of 
300 keV are shown in Fig. 3. For these conditions, the 
theory indicates an energy loss of 35 keV per milli- 
second of containment time. 


4. Deseription of the energy spectrometer 


To determine the gross energy losses of the protons, 
a neutral particle spectrometer was installed. A dia- 
gram of this device is shown in Fig. 4. Neutral particles 
from charge-exchange collisions with the residual gas 
pessed out of the main vacuum tank through a 0.5 mm 
wide vertical slit. The beam thus formed then passed 
through a differentially pumped argon gas cell where 
some of the neutrals were stripped of electrons. En- 
trance and exit apertures of the gas cell were 0.5 mm 
slits, and the argon pressure was sufficiently low to 
reduce multiple collisions to negligibility. The resulting 
beam was passed through a set of deflection plates 
where an electrostatic field analyzed the energy of the 
protons. Two electron multipliers were used for detec- 
tion of the particles. These consisted of commercial 
photo-multiplier tubes with the glass envelopes and 
photo-cathodes removed. An on-axis detector was used 
for alignment purposes and as a neutral particle 
monitor to insure that conditions remained uniform 
while the data were being taken. The off-axis electron 
multiplier was used to detect the deflected protons. 
A layer of soft iron 1.25 em thick surrounded the region 
of the gas cell, analyzer, and detectors to provide 
magnetic shielding. 

Geometric ray tracing indicated full acceptance 
angles of 2 minutes horizontally and 35 minutes verti- 
cally. The indicated spectrometer peak width at 
300 keV was 5keV (full width at half-maximum). 

The electrostatic analyzer was calibrated by install- 
ing the spectrometer on a 625 keV accelerator facility 
where a source of monoenergetic protons was available. 
The voltmeter of the accelerator had been calibrated 
by measuring the resonance of the F!* (p, y) reaction 
at 485 keV. 

A sliding vacuum seal permitted movement of the 
spectrometer in the direction parallel to the magnetic 
field. Also, a bellows was provided so that it could be 


A diagram of the neutral particle spectrometer. 
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swung to intercept particles emerging at various 
angles. 

In operation, the outputs of the detectors were 
amplified in electrometer circuits. The proton detector 
signal was then displayed on a chart recorder. Smooth 
control of the deflecting voltage was provided by a 
motor-driven variac. This voltage was read with a 
precision voltmeter and marks were added to the 
recorder trace at suitable voltage intervals. With 
this arrangement, repeated scans under the same 
experimental conditions yielded spectra reproducible 
to within a few percent. 

Detector noise was not a problem in these measure- 
ments. Rapid fluctuations were smoothed out by the 
integrating action of the electrometer circuit, and the 
peaks of the measured distributions presented in this 
paper were two to three orders of magnitude above 
the detector noise level. 


5. Corrections to experimental data 


The spectrometer provided data in the form of 
plots of electron multiplier current expressed as a 
function of the energy of the escaping particles. Three 
corrections depending on the proton velocity v were 
considered to secure energy distributions of the escap- 
ing neutrals, namely corrections for: 


1. the energy resolution of the electrostatic ana- 
lyzer, which varies as v; 

2. the energy dependence of the secondary electron 
emission ratio of the first dynode of the electron 
multiplier, which was assumed to vary as v~!; and 

3. the recharging cross-section of the argon gas cell, 
which varies as v—! in the range of interest [6]. 


Since these corrections appear as multiplicative 
factors, the velocity dependence cancels, and curves 
of the current from the multiplier give the actual 
distributions of the neutral particles escaping the 
plasma in relative numbers per unit energy interval as 
a function of energy. 

Consider now an energy distribution of escaping 
neutrals and the problem of determining the corres- 
ponding distribution of circulating protons. In the 
known distribution, the ratio of the ordinates at two 
energies is the ratio of the charge-exchange reaction 


267 








BARNETT, DUNLAP, EDWARDS, HASTE, RAY, REINHARDT, SCHILL, WARNER, WELLS 


rates at these energies. From the equality of these 
ratios, the ratios of ion densities can be obtained as 


(n4)4 3 (%o) (O49 V)o 
(N4)o (%)2 (F109 v)1 


(5) 


where the subscripts 1 and 2 refer to specific energy 
intervals, the n, ratio is a ratio of ordinates in the 
escaping neutral particle energy distribution, the n4 
ratio is the corresponding ratio of ordinates in the 
proton energy distribution, and each (o,,¥v) term is 
the average product of the electron capture cross- 
section and proton velocity in that particular energy 
interval. 

In this last equation, the cross-section ratio involves 
only the slope of the cross-section curve expressed as 
a function of energy. In the energy range of interest, 
electron capture cross-sections measured for protons 
in a number of gases have slopes that vary approxi- 
mately as v~® [6]. This indicates that the slope is 
relatively independent of the composition of the resi- 
dual gas components in the vacuum, and in this work 
the transformations to energy distributions of cir- 
culating protons were made using the electron capture 
cross-sections of protons in nitrogen gas. 


6. Results and discussion 


Experiments were performed to investigate the 
sensitivity of the energy distributions to a number of 
parameters. The distributions were found to be strong 
functions of the longitudinal displacement of the 
spectrometer from the median plane and of the in- 
jected H,* current. They were relatively insensitive to 
changes in the orientation of the spectrometer, made to 
sample neutrals escaping tangentially at radii other 
than the equilibrium radius (in large part due to the 
wide vertical acceptance angle of the spectrometer). 
Similarly, the distributions were insensitive to slight 
angular displacements of the spectrometer with res- 
pect to the median plane (the range +3 degrees was 
investigated). Displacing the spectrometer 3 degrees 
resulted in a reduction by a factor of two in the signal 
amplitude. Larger angular displacements were re- 
stricted by space requirements. In all the data pre- 
sented here the axis of the spectrometer was main- 
tained parallel to the median plane and the particles 
were sampled from a volume element centered at the 
equilibrium radius (8.2 cm). The data were taken at 
pressures near the base pressure (approximately 
8 x 10-7 mm Hg in the inner vacuum region). A small 
leak of hydrogen gas into the inner region was adjusted 
to keep the pressure constant. The arcs were operated 
at 300 A. 

A typical energy spectrum measured with the 
spectrometer mounted in the median plane of DCX 
is shown in Figure 5. The broken curve is the distribu- 
tion of the escaping neutrals, and the solid line shows 
the derived distribution of the circulating protons. 
Apparently, a considerable number of the protons 
exist with energies greater than 300 keV, and the 
energy distribution also has a long low-energy tail. 
The shape of the curve suggests that three processes 
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trapped protons. Measurements were made with the 
spectrometer mounted in the median plane. (300 A 
carbon are breakup, 2.27 mA H,*, 8x 10-7 mm Hg). 


take place in the plasma: (1) a process which disperses 
the energy about 300 keV; (2) energy loss to the cold 
are electrons, which tends to degrade the particle 
energy; and (3) the process of charge-exchange, which 
is very sensitive to energy and tends to deplete the 
ion population at low energies. 

It does not appear that collisional diffusion can 
account for the presence of such large numbers of 
protons at energies significantly higher than 300 keV. 
Diffusion times calculated on the basis of coulomb 
collisions are orders of magnitude larger than the 
observed proton containment times. Among other 
possible dispersing mechanisms are electric fields in 
the are or in the hot plasma. 

Figure 6 shows another energy distribution taken 
with the spectrometer displaced 3.8cm from the 
median plane along the magnetic axis. Note the extre- 
mely wide distribution of the escaping particles and 
the large proportion of particles present with energies 
in excess of 300 keV when the distribution is reflected 
back into the plasma. The number of neutrals escaping 
from this region of the plasma is considerably less 
than that from the midplane section shown in Figure 5. 

The energy distributions were then measured as a 
function of the input H,* current while the operating 
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Fig. 6 Energy distributions of escaping neutrals and 


trapped protons. The spectrometer was displaced 3.8 cm 
from the median plane along the magnetic axis. 
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Energy distributions of escaping neutrals. The injected H,* current was the only parameter varied. The spec- 


trometer was mounted in the median plane. (300 A carbon are breakup, 1.5 x 10-* mm Hg) 


parameters of the carbon arc remained constant. The 
results, in the form of the energy distributions of the 
escaping neutrals, are shown in Figure 7. The various 
curves are for the indicated input H,* currents. The 
relative amplitudes of the curves are in the same 
proportions as the currents measured from the electron 
multiplier. Neither these amplitudes nor the areas 
under the curves are in the same proportions as the 
injected H,*+ currents. This indicates that either the 
reaction rate in the sampling volume was not linear 
with input current or that the angular distribution 
of the particles escaping from the volume became 
broader as the input current increased. The proton 
energy distributions derived from the curves of 
Figure 7 are shown in Figure 8. The shapes of the 
curves in Figures 7 and 8 are summarized in Table I. 


TABLE I. The half widths and full widths of the energy 
distributions of Figs. 7 and 8. 


H.+ Escaping Distributions | Internal Distributions 
2 v* v* 
Current W idth Half Full Width W idth Half Full Width 
(mA) Maximum (keV) Maximum (keV) 
(keV) (keV) 
1.85 115 310 60 245 
1.32 98 265 52 225 
0.40 94 215 51 170 
0.11 83 175 50 150 
0.023 60 155 44 125 


Here the full width is taken as the difference of the 
particle energies at which the signal amplitude is two 
orders of magnitude less than the peak amplitude. 
As the current decréased, the width of the distributions 
decreased and for H,* currents of 0.023 mA, almost 
no particles were found with energies above 300 keV. 
Apparently, the major dispersive process had dis- 
appeared. In further increasing the current to 3.5 mA, 
the curves become wider and energies in excess of 
400 keV were measured. 

A summary of the data is shown in Table II. The 
table may be examined in two parts: (1) for high 


(2.3 mA) injection currents, and (2) for low (0.1 mA) 
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Fig. 8 Energy distributions of trapped protons. The 
injected H,*+ current was the only parameter varied. The 
spectrometer was mounted in the median plane. 


TABLE II. The average energies of the particle distri- 

butions as functions of input H,* current and the longi- 

tudinal displacement of the spectrometer from the median 
plane. Carbon arc dissociation at 8 x 10-’mm Hg. 


High current data Low current data 


Spectro- 
meter : . » | : 

displace- I E _E I E _&E 

| ment escap- | inter- | escap- | inter- 
(em) (mA) | ing nal (mA) ing nal 

(keV) | (keV) (keV) | (keV) 

0 2.27 216 260 0.10 251 272 
1.25 | 2.3 220 264 0.10 251 263 
2.5 2.4 175 247 0.125) 225 242 
3.8 2.3 179 254 0.10 212 238 
5.1 2.55 195 277 0.11 190 201 


longitudinal position of the spectrometer with respect 
to the median plane. The average energy £ is defined 
as the energy which, when multiplied by the total 
number of particles in the distribution, gives the total 
energy associated with the distribution. The average 
energy of the escaping particles is less with the large 
injection currents than with small currents; however, 
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the average internal distribution is nearly independent 
of the injected current. Not shown in the table is the 
fact that most of the particles were escaping between 
zero and 3.8cm from the median plane. An energy 
balance between the particles lost and the particles 
injected, making use of the data presented in this 
table, is presented in the next Section. 


7. Energy balance 


Let us consider an energy balance equation of the 
form: 


300 18 = Ip r(dE/dt) + 1B f, Ey + 1B fy Ey 4 


where Jf is the proton trapping rate with f the dis- 
sociation efficiency, t is the mean containment time 
in milliseconds, dH/dt is the average rate of energy 
loss for a trapped proton in keV/ms, f; is the fraction 
of particles lost due to some particular loss process, 


on 


and EH; (keV) is the average energy of the particles 
lost by this process. 

First let us estimate d #/dt for two different values 
of the H,*+ injected current, basing the calculation on 
the data of Table II. Earlier experiments [4, 5], in 
which the area bounding the plasma volume was 
scanned with a neutral particle detector, showed that 
the principal loss mechanisms were charge-exchange 
with the carbon ions in the arc and with gas molecules 
in the plasma region. These experiments were per- 
formed with a magnetic field on the midplane axis of 
6.7 kG and an ion orbit radius of 13.5 em. Extrapolat- 
ing these results to the present 10 kG geometry indi- 
cates that about two-thirds of the particles are lost 
in the are and one-third in the gas at these pressures. 

The energy balance equation then becomes: 


1E L “ - 
300 —_ : =v 4- 3 [ (EB gas)cx a 2 (Earc)cx] (7) 
The (Egas)cx term can be evaluated from Table IT, 
because the particle spectrometer registered no parti- 


cles that had been neutralized in the arc. (Egas)cx is 
taken as the weighted average of the values of Eescaping . 

There has been no measurement of (Zarc)cx . How- 
ever, reasonable limits can be placed on its value by 
assuming on the one hand that in this energy range 
the electron capture cross-section of the arc is inde- 
pendent of energy, or on the other hand that it varies 
as the electron capture cross-section of the residual 
gas in the vacuum tank. If the electron capture cross- 
section of the carbon ions is independent of the energy, 
then the (Karc)cx is the same as the energy of the 
circulating protons, or (Earc)cx equals Fiinterna. In 
the second case, (Earc)cx is the same as (Egas)cx. 
Again, the weighted average of the values of Eescaping 
is used to determine (Earc)cx. 


The values used for (Egas)cx and (EKarc)cx, the 
measured mean containment times (each the average 
of numerous decay curves), and the d#/dt calculated 
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from the energy balance equation are shown in 
Table III. 


TABLE III. Summary of the parameters and results of 
the energy balance calculation for are dissociation. 


I s 


Tt (do/dE) E dE/dt 
mA ms) |885 CX are cx are CX) (keV/ms) 
(mA) | (ms) keV) (keV) | ss 

| | 
0.1 2.6 242 | ~E® 262 17 
~ O19 gas 242 22 
2.3 1.7 204 ~E° 258 35 
~ O49 gas 204 56 


The average values for d#/dt are about 20 keV/ms 
for 0.1 mA H,*, and 45 keV/ms for 2.3mA_ H,*. 
There is considerable evidence that energy loss to the 
are electrons constitutes the major energy sink at the 
lower injected current. This loss rate figure, approxi- 
mately 20 keV/ms, is also in reasonable agreement 
with the value calculated from Figure 3. 

The rate of energy loss to the are would be expected 
to be nearly the same for both injected currents. The 
are characteristics should not change with the change 
in input current since the are density is a factor of 
104 to 10° higher than the circulating proton density. 
The proton energy distributions are different for the 
two cases, but the predicted rate of energy loss to are 
electrons is rather insensitive to proton energy in the 
range of interest. 

There then immediately arises the question of the 
origin of the additional energy loss rate at increased 
injection currents. The initial assumption that the 
only particle loss mechanism was charge-exchange 
may be in error. The difference in the d#/dt values 
would of course be reduced by adding to the high 
current case a particle loss mechanism which favors 
the loss of particles with energies above the mean of 
the trapped proton distribution. This could in prin- 
ciple be in the form of energetic ion losses through the 
mirrors or to the walls, but previous measurements 
have indicated all ions are lost by charge-exchange. 
A portion or all of the apparent d#/dt increase may 
also be due to radio-frequency radiation, losses to a 
more dense cold plasma, plasma potential drain, or 
other phenomena. 


8. Gas dissociation 


Additional experiments were performed in which 
the use of the arc was discontinued and a plasma was 
formed by dissociating H,*+ ions by collisions with 
residual gas molecules. Since the gas dissociation was 
much less efficient than are dissociation, the fast ion 
density was reduced to about 107 ions/em*, which 
may be compared with densities of 10° to 101° ions/em* 
for are dissociation. Again the longitudinal position 
of the spectrometer and the injected current were 
varied. Data were obtained at the median plane and 
the 1.25 em locations, but there was insufficient signal 
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spectrometer was mounted in the median plane. (Hydro- 
gen gas breakup, 1.5 x 10-* mm Hg) 
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Fig. 10 Energy distributions of escaping neutrals. The 


spectrometer was displaced 1,25 cm from the median 
plane along the magnetic axis. 


strength to secure data at positions farther from the 
median plane. Figures 9 and 10 are characteristic of 
the distributions obtained. For the larger injected 
current, particles with energies as high as 390 keV 
were present. When the current was increased to 
3.5 mA, particles with energies as great as 450 keV 
were detected. With low currents, the energy distribu- 
tions were very narrow. The average energies of the 
various distributions are summarized in Table IV. 


TABLE IV. The average energies of the particle distri- 
butions as functions of input H,* current and the longi- 
tudinal displacement of the spectrometer from the median 
plane. Hydrogen gas dissociation at 1.5 x 10-*mm Hg. 


Spectrometer I E E 
Displacement (mA) Escaping Internal 
(cm) ° (keV) (keV) 
0 2.45 261 292 
0 0.10 291 294 
1.25 2.55 270 296 
1.25 0.11 294 299 


Again the energy of the escaping particles is higher 
for lower H,* currents. For each value of the injected 
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current, the neutral particle detector decay traces 
indicated a mean containment time of approximately 
seven milliseconds. For currents of 0.1 mA, the signal- 
to-noise ratio of the neutral particle detector signal 
was about one. Thus, the measured containment times 
at low currents are uncertain within a factor of two. 

If the assumption is again made that the only 
energetic particle loss mechanism is charge-exchange, 
the energy balance equation becomes 


300 = 1t(dE/dt) + (Egas)cx . (3) 


Table IV contains the data necessary to evaluate the 
d#/dt term. Averaging the Lescaping data for the 
median plane and the 1.25cm displacement yields 
(Egas)cx values of 266 keV for 2.5mA of H,* and 
292 keV for 0.1 mA of H,*. Then the d #/dt values are 
5 keV/ms and 1 keV/ms, respectively. The value of 
1 keV/ms is the same as that calculated for energy 
loss due to excitation and ionization [10] of the gas 
molecules present. As in the case of are dissociation, 
the conclusion is made that the rate of energy loss 
of the circulating protons for gas dissociation is greater 
for higher injection currents. The scatter in measure- 
ments of the mean containment time at the smallest 
currents prevents any conclusion as to the relationship 
of storage time and injected current. 


9. Conelusions 


With are dissociation, the circulating protons lose 
energy at a rate of about 20 keV/ms with 0.1 mA 
injected current, and at a rate twice as large when the 
current is increased to 2.3 mA. As a consequence of 
the energy loss, the charge-exchange cross-section is 
increased, and this evidently leads to a decrease of 
mean containment time. Most of the 20 keV/ms loss 
rate is believed due to coulomb collisions of the 
circulating protons with electrons in the dissociating 
arc. This loss rate is within a factor of two of that 
calculated on the basis of loss to electrons of a Max- 
wellian distribution, well within the accuracy of the 
arc parameters used in the calculation. Several 
mechanisms that might account for the additional 
energy loss rate at higher currents are suggested, but 
the specific origin of this loss is as yet unclear. 

Measurements with gas dissociation also show an 
increase in the rate of energy loss with increasing 
injected current. 

With either are or gas dissociation, the response of 
the energy distributions to increases in injected H,* 
current indicates the presence of a non-collisional 
dispersing mechanism, one which increases in import- 
ance with increases in injected current. The nature of 
this mechanism is not clear. 

We are presently engaged in extending the measure- 
ments of the energy distributions to higher injected 
currents, in evaluations of the magnitudes of the 
various possible energy loss mechanisms, and in 
experiments to determine the nature of the non- 
collisional dispersing mechanism. 
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LAWRENCE RapiaTIon LaBoraTory, UNIVERSITY OF CALIFORNIA 
Ler- 
81. LIVERMORE, CaLiFornNtiA, U.S.A. 
m- 
tio- The structure of the field-reversing layer of circulating relativistic electrons which constitutes 
ZY, the plasma trap of the Astron has been calculated self-consistently using a model embodying the 
simplifying assumptions: (1) uniformity over an infinite length so that end-effects are absent, 
Soc. (2) uniformity of impressed field, i.e., no plasma diamagnetism, (3) dynamical friction from the 


trapped plasma but no scattering, (4) no radiative energy loss, (5) absence of instabilities, and 
(6) the structure can be initiated. Assumptions (1), (5), and (6) are the most questionable. In the 
model monoenergetic electrons appear uniformly on a cylindrical surface of radius r, with no radial 
velocity, all traveling at the same polar angle. The impressed magnetic field is defined by a, the 
radius of the helix executed in that field. The dynamical friction is defined by the constant 
v= Bdy/dt where f =v/c =(y?—1)'/?/y and » is proportional to plasma density. The energy degra- 
dation is slow enough for the structure to be viewed as a steady-state ensemble with the number of 
electrons in any small energy-momentum interval inversely proportional to the rate of slowing down 
there. 

The initial-energy range is defined by 10 < Py =(y?—1)!/* < 80. A basic parameter is G = r,/a—the 
larger G, the tighter the electrons tend to spiral relative to the layer diameter. At any value of G 
greater than about 1.2, increasing the injection rate does indeed cause field reversal. An initial 
steep traversal through zero is followed by a region of slow increase—a quasi-plateau—as the 
electrons cease to penetrate to the axis and become confined to an ever-thinner layer lying inside r,. 
This might well constitute the working region. The useful range of G appears to be from about 
1.3 to 2.5 irrespective of Py. (Beyond this the ratio of reversed to impressed field exceeds 0.75 and 
the mathematics produces physical unrealities.) For S, the ‘‘injection rate’, the useful range is 
roughly 0.8 to 1.6 at the low G and 3.8 to 4.6 at the high. For S = 2 and a plasma density of elec- 
trons of 10'°, the electron injection rate is 0.32 mA/em length of E-layer. 


1. Introduction infinite, angular scattering by the plasma particles 
is neglected, the stability of the medium is not con- 
sidered although gross configurational stability is, and 
it is assumed that fresh electrons can be properly 
and continuously injected. In the present model, 
they are monoenergetic and appear uniformly over 
the surface of a cylinder of radius r, with their velo- 
city v tangent to the cylinder and making the angle 
y with the axis. 


The Astron thermonuclear machine has, as _ its 
basic plasma-confining element, a rotating cylinder 
of relativistic electrons which Christofilos calls “‘the 
E-layer’’. Their circulatory trajectories conform to the 
forces imposed by an externally impressed uniform 
magnetic field, by the self-field of the E-layer, and 
by the diamagnetism of the reacting thermonuclear 
plasma. The current in the layer is large enough to 
cause reversal of the external field at the axis of the 


2. The slowing-down law 
configuration and throughout a considerable region 


, . The prior treatments dealt with a conservative 
interior to the layer. , " : ‘ , . wan , ¢ th - Ti 

. Si — , system, but now the slowing down o e electrons 
The theoretical possibility of the existence of such mp ' ‘dered. If th “i het m : = 

: . “ager . is to be considered. e collisions between relativistic 
a layer under the assumption of some drastic simpli- : saasian 


fications has been shown [1, 2]. This paper relaxes ene 7 speed v=fe and mass m=/YMp, 
those assumptions to the extent of recognizing the (—1=1/y") and non-relativistic electrons ne 
dynamical friction between the layer electrons and treated mathematically in the manner of SPITZER 
the trapped plasma. There is the additional small [3], one obtains the energy-loss law 





ale . : . dy vy 
generalization of allowing the electron velocity v + - = ; (2) 
Af 

to have components i, stead 

~ . - where vy is a decay rate given by 

v2 =v0V1—A?, 19, =vA=Bfed (1) , : 

, —" y=cnoelnAp (3) 
parallel and perpendicular to the magnetic field, ne , 
where A is the sine of the polar angle p of the velocity { 3p kT) _ 1 044 x 108( 7 ]’ 4 
vector. But the E-layer is still treated as axially ee" Tic. :1 Ne (4) 


* Consultant to Lawrence Radiation Laboratory, from General Engineering Laboratory, General Electric Company, 
Schenectady, New York. 
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Ne is the electron concentration in the plasma in em-%, 
Oe=9.8 < 10-25 cm? is the classical area of the electron, 
and 7’ is the temperature of the plasma in degrees 
Kelvin. 

A more sophisticated calculation [4] for the case 
that the speed of the “‘test’’ particle is far greater 
than the speed of the plasma electrons gives inconse- 
quentially different results. 

The retarding force arising from radiation relative 
to that from dynamical friction is about 4 x 10-7 y4/y. 
For y=12, dynamical friction predominates only for 
ne>10!°, so that the radiation drag can be important. 
It has, however, been left out, for its inclusion in 
the mathematics, though straightforward, would add 
complications of at least two kinds. Its main effect 
would probably be to require an increase in the 
replenishment rate of electrons for roughly the same 
layer configuration. 

3. The stationary distribution in the E-layer 

There is a loss of energy, a canonical-angular- 
momentum (CAM) impulse, and an axial-momentum 
impulse per unit time associated with every instant 
of the electron’s life. Since there are no stochastic 
processes in the model, all electrons undergo the same 
experience and the electron density in phase space 
will depend upon a single parameter which can con- 
veniently be chosen to be the linear momentum 


p =mv = pyme. (5) 

A steady-state distribution will be set up in which 
the change in trajectory from one cycle to the next 
is extremely small and is important only in its cu- 
mulative effect. Hence, the motion in any one cycle 
an be calculated as if the system were conservative. 
Three of the six constants of the cycle are: p; po, 
the CAM; and pz, the axial momentum. The other 
three might be particular values of the coordinates, 
ry, I, and z, which have been designated, once for 
all, for each trajectory. By expressing the distribution 
function fe in phase space in terms of these con- 
stants, the equations of motion are automatically 
satisfied. 

The symmetry of the model assures that fc is 
independent of any z and any 4, so that these 
quantities do not appear. Thus we can write, quite 
generally, 

fe (Pp, Pz, Po, %o) dr dO dz dp, dpom dpz (6) 
for the number of electrons in an element of phase 
space, pom being the (mechanical) angular momentum, 
and p, the radial momentum. 

Now the two momenta, pz and po, are each func- 
tionally related to p: 

pz = pz(Pp), Po = Po(P). 
These relations will be derived. They can be imme- 
diately formally incorporated into (6) by using 
Dirac 6-functions; 


6 [pz — pz (p)] O [pe — po (P)] fe (P, Pz, Po, To) 
drd@dzdpzdp,dpomdpz. ( 


7) 


~ 








This 3-factor integrand is thus the basic distribution 
function for the present problem. Looking ahead, 
we see that integrations over pz and pg (not pyy) 
will then merely substitute pz (p) and po (p) for these 
quantities in fc (p, pz, Po, 79) and whatever multi. 
plier may be associated with it, simply converting 
the former to 


fp (Pp. ro) = fe lp, pz (p), Po (p), To) - (8) 


Since p, and pgm are quite unsuitable as variables 
of integration, we shall transform dp, dppy to dpdp, 
by means of the Jacobian based on the relations 


pe = p?— p2* -[= pa) I (9) 
and 
Pom = Po— pB(r). (10) 
Here 
pp (r) = (e/e) rAg(r), (11) 


where Ap is the azimuthal component of the vector 
potential. We find 


dp, d pom = (Op,/Ep) dp d py 


pdpdpe ™ (12) 


~ (p= pz*— (po — pp)? /r?}"/? 


Looking ahead once more, we shall see that r, is 
logically the epicenter of each trajectory where p,, 
the denominator of the right member of Eq. (12), is 
zero. Functionally, it will enter as the lower limit 
of an integration. We can, therefore, drop its explicit 
expression in fc. The element of distribution with 
which we now proceed is, therefore, 

6 [pz — pz (p)] 6 [po — Po (p)] (6 pr/Op) fe (P, Pz, Po) 
drd@dp:dpgpdpdz, (13) 


where the partial derivative implies the use of Eq. (12). 
The dynamical friction is opposite in direction to 
the instantaneous velocity so that p: remains pro- 
portional to p (which is not true when radiation 
caused by the acceleration is taken into account) 
and, in fact, 
pz (p) = (L— #)"? p; 
prompt advantage can be taken of this in simplifying 
(Op,/ep), as will appear in Eq. (14). 

The number of electrons, np(p)dp, per unit of 
axial length whose momenta lie in the interval p, 
dp, can be expressed in two ways. The first is as the 
integral of (13) over pz, po, 6, and r. The 6-functions 
make the first two integrals possible, symmetry 
makes the third trivial, and only the last needs to 
be left in the form of an integral 


Np (p)dpdz 
3 dr 
Tp fr| { A? Pp? | Pe (p) PB (r)}?/r?}} 2 dpdz. (14) 


The numerical factor is 4% instead of 2x because, as 
explained in [2], at Eq. (10) the validity interval 
of the braces is theoretically to be traversed twice, 
but the understanding in evaluations will be that the 
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integral is to be taken between pericenter and apo- 
center, and hence it will be traversed only once. 

The second way is in terms of the number N of 
fresh electrons injected per axial cm per sec and the 
rate, p(p), at which they slow down: 


np (p) dp = —[N/p (p)] dp. 
Using this to eliminate np from Eq. (8), we shall 
have fp expressed in terms of the physics variables: 
N » 
—— 2 li 
lo = spl b(p)f{ }-V*dr (15) 


{the integral being that in Eq. (14)} once expressions 
for p(p) and pp» (p) have been derived. 


4. Change of variables 


The point has been reached at which some changes 
of variable simplify the analysis. Defining 


P = (y?—1)", (16) 
we then have 
p=m,cP. (17) 
We also define 
Po = polmocAr,, Pa=psimocdAr,, @=7/r2. (18) 
Then using Eqs. (2) and (5) 
— p= moc(l + P?)/P?, 
and from Eq. (15) 
NA PdaP 
fp (p) dp = —— SS a (19) 


4nr,y (1+ P*)| [o? P? — (Po — Pp)?}'/? 


5. The canonical angular momentum (CAM) 


We have still to derive pg» (p) or, in the new variables, 
P,(P). In a truly conservative system of the present 
symmetry, P» is, as we have been recognizing, constant, 
so that in our slightly dissipative system 


dpe _ , dp 
ae = Arsing ay» 
dPo _ rsinp 

Tr COiM 


Here @ is the angle the trajectory makes with the 
radius vector. Recognizing that the momentum loss 
per trajectory cycle is minute, we calculate the average 
value (P»’) of dPs/dP over a cycle at any stage of 
the electron’s life: 

f(rir) singdr 


(Po) = TF) dr 
rsing = r,[P»— Ps (o)\/P 


i 
(pe Pel! a ~ [o? P?—(Pp— P3)°]?. 
7 (20) 


= [p— 


m 
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The algebra is straightforward. Dropping the averag- 
ing notation and using 


R = {o? P?— [po (P) — Pa (o)]*}~ 3 (21) 
Q = R[Po(P)— Pa(e)), 22) 
dPo  feQ(o,P)de - 
“dP ~ PfoR@,P)de’ (23) 
The primitive, Ps(P), of this integro-differential 


equation, inserted in Eq. (19) establishes f, in terms 
of Pp. 


6. The magnetic field 


All that is still needed for the complete mathe- 
matical formulation is the additional relation which 
will develop from Maxwell’s Equation: 


dfl ad 


oko 4nj 
dritr dr a 


c 


(r Ag (r))| =- (24) 
For the calculation of j, the differential volume 
element r dr d@ dz must be factored out of expression 
(13) which, in effect, divides the integrand portion 
by r. This quotient multiplied by 


ec 1(P¢6 Px) 


evdAsing = o(l } P?)'/2 


then gives the current density 


j= | | |6 [pe — pz (p)] 6 [pe — po (p)] 

ech [Pe -Pg(o)} Op, 

re. (1+ P42 Op dP: dpodp. 
The integrations over pz and pp can be carried out 
just as they were to obtain Eq. (14) and they result, 
as there, in the supplanting of f< by f, [expression 
(8)]. Thus, using Eqs. (11), (19), (21), and (22), 


P* Q (0, P) 


(l ms P?)3/2 f 9 R (0, P) do aP. (25) 


, ecaN 
= [ 


2nvr7o J 


Here, again, a factor 2 has been introduced for the 
same reasons in integrating over P as applied in 
Eq. (14) in integrating over o. The range of integration 
is limited below by the zero of the denominator of 
Q and above by another such zero, or by P,, cor- 
responding to the initial linear momentum, whichever 
is more restrictive. 
Substitution in Eq. (24) gives 


d [1 dPp(e) 
2 


do do 


2reN I (0) 


v 0 


, 26) 


where re is the classical electron radius, 2.80 «x 10-3 
em, and 
r P?Q (0, P) dP 


I (0) =—} 


o7 
J+ P)foR@, Pde’ (?) 


I(o) is always positive near 9=1 and is rarely, if 
ever, negative in field-reversal cases. For the magnetic 
field, we have from Eqs. (18) and (11) 


Mae 1 dpa ‘My cd 
o de eT, 


(28) 
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We shall define 


S 2re Ny. (29) 
This is proportional to the number of electrons injec- 
ted per unit axial distance per unit time, and it is, 
therefore, a measure of the strength of the layer. 

In performing the integrations to derive Pg from 
Eq. (26), it is appropriate to use the fixed upper 
limit, o=1, since the boundary conditions lie at the 
outside of the layer. Thus, 


1 dPp(e) 


0 do 


1 
{ T(e1) , dPp 
-8} 01 Cat ode je 


o 


(30) 


By using Eqs. (18) and (12), it is simple to show that 


1 dPpg rs 
I, 1 Po 


Ay 


P, G, (31) 


0 do 
where P, is the initial linear momentum, a, is the 
curvature of the r, # projection of the initial trajectory 
in the vacuum field and 


G =r,/a, (32) 
Finally, 
1 1 
YF fe. GP. 9 a6 
Px (0) S| O71 | (2) do, do, — = °. (1 —o?), (33) 
e @ sin 7 


which establishes 


Pz(l) =90, (34) 


which we are free to do. 


7. Summary of the problem 


We see that, of the physics parameters in the 
problem, A does not enter into the equation-solving 
and only occurs in the physics evaluation of Po 
and Pg [Eq. (18)]. The quantities NV and » combine 
in S, which is then one parameter. A second is Pp, 
which is involved directly in Eqs. (23) and (25) as a 
limiting value of P. Finally, there is G, which appears 
in Eq. (33). 

In the jargon of modern physics, this is an eigen- 
value problem in which the eigenfunction Pg belong- 
ing to the eigenvalue S is to be found for pairs of 
values of the parameters P, and G. P, depends on 
Pp, through the integral, Eq. (23), and then Pz 
must satisfy Eq. (33), the double integral being an 
operator on Pg both explicitly through its involve- 
ment in Q (9, P) and R (0, P) and implicitly through 
Po. 


8. Trajectories 
Combining 


}. 2S <~ (Po — Ps) 


mr rs yo? 


‘es 


with 7 from Eq. (20) leads directly to 


| 2 (2. P) do (35) 


0 (0, P) 


0 


oe (min) 








for the trajectory, and 


e (max) 


AO(P) 


Cr ¢ 
© do 
¢ @ 7 


e(min) 


for the angular progress per radial semi-excursion, 
The elapsed time is 
e (max) 


])1/2 oR (0. P) do. (36) 


e(min) 


At : (P? 


whence the average angular velocity follows directly as 


Cwmyav. = AD/At. (37) 


9. Caleulations 


The calculations were done on an IBM 704. 
Dr. T. Seidman supervised the machine formulation. 


Two solution schemes were used. In Method A, 
numerical values were chosen for P,, G, and S, 
and Pg(o) was found by iteration in which each 


step was a cycle of operations. Initially, for Cycle 0, 
the magnetic field used was the uniform vacuum 
field. This determined directly the first-step function, 
Pp (o). Then Q (0, P), R(o, P), Po (P), and finally 
a new Ps(o), Ps'(o), was calculated with it. In 
Cycle 1, Pg' (0) was used for the same sequence of 
calculations, and so on. Method A had the dis- 
advantage that convergence was so slow as to be 
misleading in some cases, but it had the advantage 
that it simulated, in some measure, the physics of 
the layer build-up. The generally used method was 
Method C, in which values of Py, G, and the magnetic 
field strength at a particular value of 9 were chosen, 
and both S and Pg(o) were found. Either the magnetic 
field at 9o=1/2 or the value of o at B,/2 were used. 
The former was appropriate for E-layers too weak 
for field reversal, the latter for reversal cases. P,° (0) 
defined a linearly varying field passing through the 
fixed point, and S® was chosen in Eq. (30) so that 
the new field, which was calculated in Cycle 0 and 
was defined by Ps!(o0), did also. Each succeeding 
cycle furnished a new S and a new Pz (0). Convergence 
was more rapid than by Method A, but the physically 
unrealistic rigidity imposed on B sometimes led to 
physically unrealistic solutions. These took the form 
of both a reversed-field and a _ non-reversed-field 
solution for the same value of S. Such double-value 
results appeared at the larger values of G, as they 
had in the earlier analyses [1, 2]. The reversed-field 
solutions were shown to represent unstable con- 
figurations by a modification of Method A in which 
Pz°(o) approximated the converged Pg(o0) found by 
Method C. The successive iterations diverged further 
and further from P,°(o0), and approached the Px (0) 
for the unreversed-field configuration. 


9. The E-layer structure 
The three-dimensional array of cases characterized 
by Py, G, and S was explored over the range P= 10, 
30, 80; with G ranging from 1.3 to 4.0; and S extending 
from non-reversal through most of the reversal range. 
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as a function of relative radius o for electrons of Py, = 30 
(approximately 15 mev) in a magnetic field to make 
G = 2.0 [Eq. (32)] for a range of layer strengths S [Eq.(29)]. 


Figure | is typical of the magnetic field variation 
with radius from axis (o=0) to injection radius 
(o=1). The ordinate is field strength relative to 
impressed field, that is, b= B/B,. Each curve is 
labeled with the corresponding value of S. The 
particular case is that for P,=—30, G=2.0. With 
increasing layer strength, the field at the axis becomes 
weaker, traverses zero, and then decreases further 
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to an almost constant reversed value as the E-layer 
becomes thinner and thinner. This 
summarized in Fig. 2. 

There are qualitative differences between cases. 
At values of G greater than 2, the electrons do not 
reach into the axis for the smallest values of S. 
The field at the axis actually increases at first as, 
with increasing S, electrons penetrate closer to the 
axis. This kind of behavior has been seen in Fig. 9 
of [2]. If G is not too large, the field at the axis begins 
to decrease as electrons reach and pass the axis and 
the transition to reversal proceeds. 

At the transition to the plateau of the reversed 
field, convergence difficulties have sometimes been 
present and a sharp peak of reversed field has been 
found at the edge of the plateau. This may indicate 
a locality of reduced stability. 

For values of G considerably greater than 2, the 
reversed-field configurations exhibit the behavior 
already mentioned in the section on calculations, and 
somewhat exemplified by the G=8 curve of Fig. 7 
of [2]. In particular, this happened with P,=10, 
G=4, and S=9.3 to 11.5. 

The broken-line extrapolation in Fig. 2 indicates 
that, at S—3.67, the layer shrinks to a surface. Cer- 
tainly one may think of increasing the injection rate 
beyond S = 3.67. In doing this, we would be injecting 
on the first pericenter of the electron trajectory instead 
of on the first apocenter (see Fig. 5), a circumstance 
which is not in accordance with the formulation of the 
problem. The solutions which have been obtained can, 
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Fig.3 Range of layer strengths S as functions of G 
[Eq. (32)] in well-developed E-layer for P, = 10 (crosses) ; 
P,=30 (circles); and P,=80 (squares). Some plotted 
points are slightly displaced horizontally from the G 
values 1.3, 1.7, and 2.0 for clarity. 


however, be made to apply. Then, as S increases, 
Omin Will again decrease from near unity, but the 0 
of the outside of the layer will lie further and further 
above unity. 

It has been possible to make a meaningful summary 
of all the results of all the field distributions. In Fig. 3, 
the range of S over which the 5, plateau extends, as in 
Fig. 2, has been plotted against the corresponding 
values of G. It is seen that there is little difference 
between the three energies involved. Similarly, in 
Fig. 4, the maximum and minimum values of b, are 
plotted against G, and, as for S, the range of }, is 
seen to be practically independent of energy, at least 
from 15 MeV up. There is, of course some latitude in 
selecting the S and 6, values, but not enough to affect 
the conclusions. This result is not surprising, because 
when the electrons are that relativistic, they are 
traveling close to the speed of light for most of their 
sojourn in the E-layer, irrespective of their initial 
energy. 

Figures 3 and 4 tell immediately that, for a magni- 
tude of field reversal lying between 0.2 and 0.5 of the 
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impressed field, G should lie in the range 1.5 to 1.9, 
and S will have to be between 1 and 3. This enables us 
to estimate the high-energy current required to main. 
tain an E-layer. From Eq. (29), it follows directly 
that J, the amperes/em needed, is given by 


J = 2.86 x 10-778. 


If we take S=2, ne=10", and 7T=108, Eqs. (3) 
and (4) give »y=62, and 


J = 3.5 x 10-5. 
Figure 5 is a plot of trajectory stages lying at uniform 


intervals in P for the case Py = 30, G=2, and S = 2.574, 
the case for which the field distribution is shown in 





Stages in electron trajectory for P, - 
2.574 at P= 30, 24, 18, 12, and 6. 


5 30, G = 2.0, 
and S 


Fig. 1. The epicenter of the P=6 stage of the tra- 
jectory lies very close to the inner edge of the layer, 
which shows that lower energy stages come but 
little closer to the axis. The steepening of the orbit 
with decreasing energy is inherent in all reversed- 
field cases. This tendency progresses through a stage 
of retrograde motion at each zero-field point in the 
orbit and develops into paired eddies revolving in the 
opposite senses on the two sides of the zero-field 
circle. (As this low-energy phenomenon is a minor 
effect in the whole problem and adds very considerable 
complexity to the calculations, it has been neglected.) 

For lower values of S, namely, 2.059 to 2.223 in 
Fig. 1, cases in which the trajectories fill in to the axis, 
the epicenters of a trajectory cross the axis as the 
energy decreases so that, at low energy, the trajectory 
revolves about the axis in the opposite sense from what 
it does at high energy. This kind of behavior is illus- 
trated by the trajectory labeled “0” in Fig. 12 of [2]. 
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PLASMA PRODUCTION BY THE TRAPPING OF ENERGETIC ATOMS A 
0 ) 
nitr 
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AND J. F. STErINHAUS val 
cun 
LAWRENCE RapiaTION LABORATORY, UNIVERSITY OF CALIFORNIA the 
ret 
LIVERMORE, CALIFORNIA, U.S.A. io 
adi 
The production of a hot plasma by the injection of streams of energetic atoms into a confining imy 
magnetic field is discussed. The experiments described are directed towards injection of 20-keV 7 
hydrogen or deuterium atoms into a magnetic mirror field. The results of some numerical calcula- 
tions of the plasma growth to a steady-state in a constant magnetic field are presented, including ” ) 
the calculation of the spatial distribution of the trapped ions. In these calculations, the primary wit 
trapping mechanism is the ionization of beam atoms by trapped ions and electrons. Parametric exe 
values are assigned to approximate the experimentally attainable conditions. The indicated equi- of « 
librium densities are in the range of 10!4/em, at 6~ 1%, with typical growth times of a few seconds, apy 
if the final density is determined by ion-ion scattering into the mirror loss cone. der 
The practical achievement of a hot plasma by this injection method depends upon maximizing eX] 
the trapping rate, and minimizing the particle loss due to charge-exchange scattering. Severe require- dex 
ments are therefore placed on the atomic beam intensity and the gas density in the confinement d() 
region. Some of the requirements on the build-up conditions imposed by plasma stability considera- Ps 
tions are also discussed. - 
Progress toward meeting the technological requirements is described. A highly collimated beam me 
of hydrogen atoms in excess of 5 x 10'? atoms/sec at 20-keV energy has been produced. The cross- of 
sectional area of the beam is 20 cm? at a distance of 360 cm from the source; the half-angle diver- of 
gence is less than 10 milliradians. Vacuum techniques have been developed to achieve base pressures ma 
in the 10-'° mm Hg range without extensive bakeout procedure. At the same time pumping speeds the 
exceeding 10° 1/sec for hydrogen are available. of 
A method of trapping the energetic atoms by means of a transient “‘cold’’ plasma is also discussed. 2s, 
This procedure greatly increases the initial plasma growth rate. The plasma density attainable a 
depends upon the beam intensity, vacuum, and cold plasma density, the latter two being time- P 
dependent. The generation of a suitable cold plasma is described. 
in 
1. Introduction magnetic mirror fields. The results of this study, in 
; : : aN ne conjunction with an evaluation of technological capa- 

The trapping of energetic atoms by ionization in an bility. form the basis for the presse pet A tate pr 
eee eer hee y, asis present experiment. ’ 
initially evacuated volume of magnetic field is, in fie 
principle, a method of forming a hot plasma in any of a: isin salad P ex 
the magnetic containment geometries. This injection 2. Experimental description and requirements as 
process has been discussed previously [1], and this The selection of a set of experimental parameters is to 
paper reports the status of an experimental effort discussed by Post [1] and the nominal values are di 
directed towards the injection of energetic atoms into : Fi 
a magnetic mirror machine. TABLE I. Parameters for the ALICE experiment. he 

The unique degree of parametric independence th 
enjoyed in this type of experiment allows control of tic 
the ion energy and momentum distribution functions PE AOE oo. 5 9.55. 0:0 cot rvaninces Hydrogen or in 
during the period of plasma density growth. Such aiid naan poe ne 
control may be essential to achieving plasma stability = —t oe Mig : x the ae a "1 de 
mn the density regime below the limit set by diffusion Magnetic field at the mid-plane w 
into the mirror escape cone. (injection ND Sips ig te teceaane ne 50 kG m 

A necessary condition for plasma densitv growth Orbit diameter (deuteron) ....... 1.1 em vt 

. . : : Diameter of vacuum vessel ...... 30 cm 

to the high levels of interest for controlled thermo- iain dimes... 72 em w 
nuclear fusion is an ion trapping rate in excess of the tr 
loss rate by charge-exchange scattering. Guided pri- Ww 
marily by this requirement, but mindful also of the listed in Table I. These are the design values for the T 
stability problem, a study of the parametric relations Lawrence Radiation Laboratory ALICE experiment. be 
for plasma production by energetic atom trapping has The magnetic field is constant during the period of 1 
been made [l, 2], with consideration limited to atom injection and plasma containment, thus per- hi 
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mitting the plasma to approach an equilibrium state. 
The magnetic field intensity is achieved with a modest 
expenditure of power (4 megawatts) by the expedient 
of cooling the copper conductor of the coils with liquid 
nitrogen. 

The particle energy and magnetic field result in a 
value of the adiabatic parameter (ratio of orbit cir- 
cumference to mirror spacing) of 0.05. From the 
theoretical work of GARREN, et al. [3], these orbits are 
predicted to be highly adiabatic, and no losses are 
expected because of nonadiabaticity. Control of the 
adiabatic parameter is considered to be one of the most 
important features of atomic injection. 

The critical condition for plasma build-up is defined 
as the point at which the trapping rate by collision 
with hot trapped plasma equals the loss rate by charge- 
exchange scattering. For this definition, the density 
of cold plasma is assumed to be negligible. Using the 
approximate differential equation for the rate of 
density change. the critical condition for the present 
experiment is exceeded if the ratio of the beam atom 
density to the residual gas (hydrogen) density exceeds 
2.0. While any combination of beam and vacuum 
could meet this condition, an excessively small beam 
moves the vacuum requirements outside of the realm 
of present technology. In addition, the lengthening 
of the injection period makes the generation of the 
magnetic field more difficult. As a practical matter, 
the minimum beam intensity must be of the order 
of 3x 1016 that a vacuum of 
3x10-*mm Hg is necessary. The total injection 
period is then a few seconds to approach a density 
limit determined by multiple scattering of the ions 
into the mirror escape cone. 





atoms/cm? sec, so 


3. Numerical caleulations of plasma growth 


Trapped particles with finite orbit diameters will 
precess about the axis of symmetry of the magnetic 
field. Since the beam dimensions are also finite, one 
expects a plasma density which is a function of radius 
as well as of time. The growth rate is in general coupled 
to the spatial distribution, so that the approximate 
differential equation used earlier must be refined. 
Furcnu, et al. [4] have considered these effects, and 
have recently improved their formulation to eliminate 
the invalid assumption of isotropic velocity distribu- 
tion of the ions. While the full range of numerical 
investigation has not been completed, some prelimi- 
nary results can be presented. The solutions for plasma 
density versus time do exhibit exponential growth. 
with parametric values set at approximately the levels 
mentioned in the previous section. The effect on plasma 
growth rates of charge-exchange of the trapped ions 
with beam atoms is essentially negligible. This con- 
trasts with the enhancement of growth found earlier 
when the isotropic velocity assumption was included. 
The contribution of electrons to the trapping has now 
been included, with a significant improvement of the 
growth rate. Gas density variation during build-up 
has also been investigated [5] and, under the present 
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Fig. 1 Results of numerical calculations of build-up 

for 20-keV deuterium atoms at three levels of beam inten- 

sity. Residual gas pressure is assumed to be 1.5 
10-* mm Hg. 


set of conditions, the effects of “gas burn-out’’ and 
plasma pumping are small, even at high densities. 

A typical numerical result obtained using the basic 
parameters of Table I and assuming a gas (hydrogen) 
density of 5 107 molecules/em® is shown in Fig. 1. 
(This density corresponds to a 
1.5 10-9mm Hg.) 

While the numerical calculations indicate slightly 
more stringent requirements for build-up than the 
approximate equation, the difference is not serious. 
Of course, the numerical calculations are still approxi- 
mate in that the axial distribution of the plasma is not 
included (the formulation is two-dimensional), and 
the exact neutral gas density distribution is not speci- 
fied. Except when close to the critical point, these 
effects are expected to be small. 


pressure of 


4. Stability considerations 


In carrying out the numerical build-up calculations, 
it is, of course, tacitly assumed that co-operative effects 
are unimportant. This crucial assumption is yet to be 
verified. We have, however, considered some aspects 
of the question of plasma instabilities in the ALICE 
experiment and have arrived at the conclusions dis- 
cussed in the following paragraphs. 

If we assume that the hydromagnetic “‘flute insta- 
bility”’ either will be stabilized by the same mechanisms 
now apparently operative in our other mirror machine 
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experiment [6, 7] or is stabilizable by theoretically 
predicted means, our concern is mainly with “micro- 
instabilities’ of velocity-space origin, i.e., localized 
instabilities which feed from anisotropies in the 
distribution functions in velocity space of the trapped 
particles. One ready source of such anisotropies is the 
neutral injection process itself which may create 
trapped ions with a highly ordered pitch-angle distri- 
bution. We are presently aware of three different types 
of such instabilities which might conceivably occur in 
the ALICE experiment. All of these are potentially in- 
herent in the method of injection. The instabilities are :* 

i. The “mirror” instability, a hydromagnetic velo- 
city-space instability predicted to arise whenever the 
value of B=[p, /(B,?/8 =)] exceeds a critical value 
which is approximately equal to t=7'\/T, ~ p,/p,. 
7, and 7, are the “temperatures” of the ion random 
motions parallel and perpendicular to the magnetic 
lines, respectively. This instability, which was first 
discussed by RosENBLUTH [8], has possibly been 
observed (in a “hot electron” plasma) by PERKINS 
and Post [9]. If we assume that this instability will 
also arise, as predicted by theory, when the ions of the 
plasma carry the energy and the anisotropy, we may 
calculate the conditions under which it might occur in 
ALICE. This has been done by Post [1]. The result is 
that, if the randomizing effect of ion-ion collisions is 
taken into account, then it is found that as long as 
the ion energy (during build-up) is kept below a critical 
value, the anisotropy will never be large enough to 
stimulate the mirror instability, no matter how highly 
directed the injected beam. For the ALICE experi- 
ment, this critical energy is roughly 180 keV, well 
above the design starting-energy range of 20 keV. 

2. The “electrostatic plasma resonance” or ‘Harris’ 
instability. The instability, which can loosely be 
described as a resonance between electrostatic plasma 
oscillations and ion cyclotron motion, was first dis- 
covered by Harris [10]. The instability can presum- 
ably grow in any plasma where the ion density is in 
excess of about 107 cm-%, but only if the anisotropy 
exceeds a critical value, which depends critically on 
the ratio 7./T;. For T./Ti<1, the anisotropy re- 
quired is large. As calculated by DrumMmonp. RosEn- 
BLUTH and JoHNSON [11], for 7-/7;=0.1, for example, 
they find the critical anisotropy is t-=0.015. Their 
results apply to an infinite plasma, a rather poor 
approximation for the ALICE experiment. Never- 
theless, if we assume, as seems reasonable, that the 
critical condition for this instability is not more restric- 
tive in a finite plasma than in an infinite one, it appears 
that the trapped ion distributions in ALICE can be 
arranged so as not to violate the critical condition for 
the Harris instability. The margin of safety is, how- 
ever, apparently less than in the case of the “mirror” 
instability. 


* For a more complete discussion of these instabilities, 
the reader is referred to the paper by R. F. Post, “‘Criti- 
cal Conditions for Self-sustaining Reactions in the Mirror 
Machine,” given at the I.A.E.A. Conference on Plasma 
Physics and Controlled Nuclear Fusion Research, Salz- 
burg. [Nuclear Fusion: 1962 Supplement, p. 99.] 
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3. The “slow” Alfvén instability is a wave-particle 
instability which is predicted to arise from a coupling 
between Doppler-shifted Alfvén waves propagating 
along the field lines and the cyclotron motion of ions 
in the high energy “‘tail’’ of the ion distribution 
function. This instability has been discussed for the 
case of “‘infinite’’ plasmas by RosENBLUTH and 
Wison [12, 13] and by SaGpEEv and SHaFranov [14]. 
These analyses show that, for Maxwellian distributions, 
the growthrate variesasexp (— const.//), thus becoming 
very slow for P< 1. It is difficult, however, to apply 
the results of their analyses to the ALICE experiment 
during the build-up; the distribution functions at this 
time are decidedly non-Maxwellian, and the plasma 
is finite in size. If the theoretical criteria are taken at 
face value, however, it still appears that, once steady- 
state is reached in ALICE, the “slow” Alfvén instability 
will indeed grow too slowly to be of any importance. 
During build-up, the formal stability criterion for this 
instability may be violated, but it appears that it will 
nonetheless be inhibited by the absence of a high- 
energy tail to the particle distribution. This conjecture 
is yet to be verified, however. 

We conclude that, although the margins of safety 
are not as large as one would like, it appears that all 
of the micro-instabilities we have considered can be 
avoided in ALICE, if not in its first operation, then at 
least after some reasonable changes in mode of operation 
are introduced. 


5. Beam formation and vacuum technology 


Protons (or deuterons) are produced at 20 keV in 
an ion source developed for this experiment. A view 
of the ion source is shown in Fig. 2, and Fig. 3 shows 
the ion-source vacuum system and magnet coils. De- 
tails of the construction and operation will be published 
elsewhere. The source operates continuously, and the 
mass-separated beam is extracted through the fringe 
field of the magnet used for maintenance of the arc. 
Some beam focus in both dimensions is obtained by 
careful placement of the source in relation to the 
fringe field. The total beam on a target of 2.5-cm 
x 8-cm dimensions located 100 cm from the source 
is as high as 0.32 amperes. 

Beam neutralization is accomplished in a simple gas 
cell, and a neutral (H°) beam of 0.10-ampere equivalent 
has been measured on a target of the above size at 
360 cm from the source. If uniformly distributed, this 
beam intensity would correspond to 3 x 101* atoms; 
em? sec. The target distance corresponds to the plane 
of final collimation of the beam before entering the 
trapping field. Because of the collimation, the half- 
angle divergence of the transmitted beam is less than 
10 milliradians. 

Only a small fraction of the beam can be trapped 
until the highest plasma densities are achieved, and 
the bulk of the beam would constitute an unbearable 
gas load if allowed to terminate in the trapping cham- 
ber. Therefore, beyond the last collimator, the beam is 
allowed to expand freely and leaves the trapping 
chamber through a tube and differential pumping 
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Fig. 2 


Ion source with perforated arc-chamber shield 
removed. 


system, finally terminating on a target of 14 x 33 cm 
at a distance of 10? cm from the ion source. 

The required pressure reduction between the 
neutralizer cell and the trapping chamber amounts to 
six orders of magnitude. While well-trapped oil diffu- 
sion pumps are used for the basic evacuation, high- 
speed getter pumps accomplish the major pumping 
under the intermittent full gas load. For the highest 
vacuum regions, molybdenum gettering as described 
by Hunt, et al. [15] is employed. 

Hydrogen, nitrogen, and water vapor have been 
considered for use as the neutralizing gas. All exhibit 
high neutralizing efficiency, and all can be adequately 
pumped. Water vapor is especially well pumped by 
cold baffles. Table II shows the pressure readings 
obtained on unshielded ionization gauges located in 
the trapping chamber while gas was admitted to the 
neutralizer. Gauge A indicated the average pressure 
rise, while gauge B was located in line with the beam- 
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Fig. 3 The ion source vacuum system and magnet coils. 
The temporary target tube and target holder are in the 
foreground 


tube opening, approximately on the magnetic axis. 
The higher readings of gauge B were due to molecular 
streaming from the neutralizer. The high local gas 
density near the magnetic axis is, unfortunately, 
exactly where the minimum density is desired. 

Several methods for minimizing the streaming 
suggest themselves. By taking advantage of molecule- 
molecule scattering, the pressure profile along the 
beam tube can be adjusted to reduce the streaming. 
On the basis of some numerical calculations, the pres- 
sure profile was adjusted empirically, using a combina- 
tion of water and nitrogen in the neutralizer. The last 
entry in Table II shows the reduction in streaming 
realized. Further reduction by this method is antici- 
pated, with more careful control of the pressure distri- 
bution along the beam tube. 

Both mechanical and electrical methods of reducing 
the streaming are also possible, in view of the factor 
of 10° between the thermal-molecule and beam-atom 


TABLE II Trapping chamber pressures for various neutralizer gases. 
(All pressures are in mm Hg) 


Gas Base pressure 


a Ee 1.3 x 10-1° 1.0 
eee ere 1.3 x 10-1° 1.0 
water vapor ....... 1.3 x 10-*° 1.0 
BP OS oieswsi cas 1.3 x 10-10 0.85 >» 


Neutralizer pressure 


Increase in gauge A | Increase in gauge B | 


«10-3 2.5 x 10-10 1.9 x 10-* | 
x 10-3 1.3 x 10-1° 1.3 x 10-° 
x 10-3 unmeasurable 2.2 x10-° 

10-3 0.5 x 10-1 0.87 x 10-* 
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An overhead view of the experimental area. 





An overhead view of the experimental area. The ion-source system is visible under the left end of the support structure. 


Fig. 4 





velocities. However, these methods are difficult, and 
will be deferred unless proven necessary. 

While the pressures attained appear to be adequate, 
some improvement is desirable, as no account has 
presently been made of high-energy beam atoms 
scattered from walls and slits to become additional 
thermal gas. 


6. Trapping with cold plasma 


In addition to the trapping of atoms by ionization 
on hot plasma, with initial trapping provided by the 
residual gas, it is possible to trap by means of a cold 
plasma separately introduced. Using the notation of 
Post [1], the equilibrium hot plasma density is simply 
deduced from the basic differential equation, assuming 
trapping only by cold plasma, and loss only by 
charge-exchange : 

I, L iy { oy 


— * 
Ve No 


ne (1) 


710 (A) + (4 Vio) " 
710 (M) 
The cold ions are assumed to be hydrogen, as well as 
the neutral gas. Since the ratio of the cross-sections 
involved is nearly unity (the neutralizing cross-sections 
dominate), ne approaches the beam-atom density 
increased by the ratio of plasma density to neutral 
gas density. A high degree of ionization of the cold 
plasma is certainly required. The characteristic 
growth time is the charge-exchange period: 
Tex < (2) 
tq F719 (M) ¢ 
This time is generally short (t-x < 1 sec), so that the 
cold plasma need only be of a transient nature. 

Continued growth of the hot plasma density above 
the level set by Eq. (1) depends again upon exceeding 
the critical condition for exponential growth. Con- 
ceivably, the critical condition could be exceeded in 
the presence of the cold plasma, and trapping would 
continue to the diffusion limit. The primary effect of 
the cold plasma, then, is to reduce the total time of 
trapping. More realistically, the critical condition 
would not be met in the presence of cold plasma, but, 
at the termination of the transient plasma, the pressure 
would be reduced by fast pumping more quickly 
than the plasma decays by charge-exchange. At the 
point that the pressure drops below the critical value, 
exponential growth would ensue. Again, the cold 
plasma has functioned to shorten the total injection 
time. 

However, even if the critical condition for ex- 
ponential growth is never achieved, a_ transient 
plasma with suitable characteristics could raise the 
hot plasma density to interesting levels. 

The cold plasma is most readily introduced through 
the magnetic mirror, on axis. Many of the charged 
plasma particles can then exit through the opposite 
mirror into a fast vacuum pump. One type of plasma 
generator currently under investigation for this 
application is the titanium washer source, as des- 
cribed by CornscEn, et al. [16]. From the published 
performance, a cold plasma density of 5 x 10" em for 
20 to 100 usec is predicted. Experiments are currently 
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underway to measure the accompanying 
pulse, under conditions approximating those in the 
trapping experiment. 


pressure 


7. Conclusion 


With the set of parameters chosen for the present 
experiment, the conditions plasma 
growth to high density levels by fast atom trapping 
have been well established. Technological progress has 
been adequate to meet the requirements of beam 
intensity, vacuum, and magnetic field. The coalescence 
of the various elements comprising the trapping 


necessary for 


experiment is underway. 

That the necessary conditions for plasma growth are 
also sufficient is not yet as well established, although 
the roster of known instabilities is not unfavorable. 
Granted margin of meeting the 
necessary conditions, it should be possible to explore 


some excess in 


and circumvent any instability encountered, if, in the 
nature of things, a stable region exists. 


Acknowledgment 


This work was performed under the auspices of 
the United States Atomic Energy Commission. 


References 


[1] Post, R. F., Fast Neutral Particle Injection into a 
Mirror Machine, Ris6 Report No. 18, presented at 
the Plasma Physics Summer School, Roskilde, 
Denmark, August 1—13. 1960. 

{[2] Post, R. F.. Dama, C.C., Bull. of Am. Phys. Soc. 
5 (1960) 233. 

(3] GaRREN, A., Rippe yi, R. J., Smiru. L., Brine, G., 
HenricuH, L. R., NortHrop, T. G., RoBerts, J. E.., 
Proc. of the Second U.N. International Conference 
on Peaceful Uses of Atomic Energy, Geneva, 31 
(1958) 65. 

[4] Furcu, A.H., Damm, C.C., HeEckrotrre, W., 
KILLEEN, J., Bull. of Am. Phys. Soc. 5 (1960) 233. 

[5] Furcen, A. H.. Damm, C.C., Heckrorre, W.. 


KILLEEN, J.. Misu, L.. Bull. of Am. Phys. Soc. 6 
(1961) 201. 
[6] Post, R. F., Exvuis, R. E.. Forp, F.C., Rosen- 


BLUTH, M. N.. Phys. Rev. Letters 4 (1960) 166. 

|7] CoENsGEN, F. H., Cummins, W. F., NEXSEN, W. E., 
Jr., SHERMAN, A. E., Phys. Rev. Letters 5 (1960) 459. 

[8] RosenBLuTH, M. N., Los Alamos Report LA-2030 
(1956, unpublished). 

[9] Post, R. F., Perkins, W. A., 
(1961) 85. 

[10] Harris, E., Phys. Rev. Letters 2 (1959) 34. 

[11] DrummMonp, W.E., RosenspiutH, M.N., JOHN- 
son, M. L., Bull. of Am. Phys. Soc. 6 (1961) 185. 
[12] RosensLtutH, M.N., Proc. of the Second U.N. 
International Conference on Peaceful Uses of Ato- 

mic Energy, Geneva 31, (1958) 90. 

[13] RosensiutH, M. N., Witson, K., Dispersion 
tions for Infinite Plasmas, 1957 (unpublished). 

[14] SacpEev, R. F., SHarranov, V. D., Zhur. Exptl. i 
Teoret. Fiz. 39 (1960) 181. 

[15] Hunt, A. L., Damm, C. C., Popp, E. C., “Attainment 
of Ultrahigh Vacuum, Reduction in Surface Desorp- 
tion, and the Adsorption of Hydrogen by Evapo- 
rated Molybdenum”’, J. Appl. Phys. 82 (1961) 1937. 


Phys. Rev. Letters 6 


Lela- 


Phys. Fluids 2 (1959) 350. 
(Manuscript received 17 July 1961.) 


285 








AEPHbIN CUHTE3 1 (1961) 


TYPBYJIEHTHAA KOHBEKLUYSA NJIA3SMbI B MATHUTHOM NOJE 


b. b. KAJIOMLIEB 


MHCTUTYT ATOMHOM SHEP UM. VU. B. KYPUATOBA 
AKAJIEMUM HAYK CCCP, MOCKBA, CCCP 


B Hactosel pa6ote u3BecTHad aHaJIOrMA MEY KOHBEKUMOHHOU HeyCTOMYMBOCTLIO OGLIMHO *KHOKOCTH HK 
O2HUM 3 HaHOoslee ONaCHbIX BHZOB HeyCTOM4YHMBOCTH 1a3Mbl B MarHATHOM nose — Tak Ha3bIBaeMOii KOH- 
BeKTHBHOH, WIM NepecTaHOBOYHOU, pacnpocTpaHseTcA Ha HeJIMHeMHbIe TeEYEHHA, BOSHHKAIOWIMe BCNEACTBHE 
HeycToHunBocTu. B nepsoii yactu paSoTbI paccMaTpuBaetca TypOyNeHTHaA KOHBEKIMA [11a3MbI B JIOBYLUKax 
C MarHUMTHBIMH NpoOKkaMH H B pa3pale C YMepeHHbIM MPOOJIbHBIM NosIeM. Ha 3TOM NyTH ynaeTcA OOBACHUTE 
pan oco6eHHOcTeli NoBeeHHA Ma3MbI B IKCNEPHMEHTAJIbHbIX YCTPOlcTBax Takoro Tuna. Bo BTOpoii yacTu 
PacCMaTPHBaeTCA KOHBCKIMA, BOZHHKAIOWIAaA B 11a3Me Mp HasIM4MM NpoOAOMbHOrO ToKa. IloKa3aHo, 4TO Ha 
OCHOBE MC€XaHH3Ma TOKOBO KOHBCKI[MH MOXHO OObACHHTb «aHOMAJIBHYKO» Mby3Hlo M1a3MbI NONO%KE- 


TeNbHOTO cToNGa. 
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1. Baexenne 


Onna U3 xXapakTepHbIx ocoGeHHocTeii ma3MbI 
3ak1bOuaeTCA B TOM JICrKOCTH, C KaKOH B Hei BO3- 
OyxMaloTCA CaMble pa3JIM4Hble WiyMbI HM KoOeOaHua. 
I1a3Ma B 9KCIepHMeHTAaJIbHbIX YCJIOBHAX HK OCOGeEHHO 
Tip HasIM4HH MarHHTHOTO Osa penko ObiBaeT cno- 
KOHHOH, HX NOITOMy TEPMHHOM «CnOKOMHAaA 11a3Ma» 
MOXHO IOJIb30BaTbCA, NOXKaIyii, TObKO B TeOpeTH- 
4YeCKHX HMCCJICOBaHHAX. Tem He MeHee, YTOOBI NOsy- 
4HTb NOJIHYHO ACHOCTb B TOM, NO“eMy HW KakHe HMeCHHO 
WIyMbI BO36yxKTalOTCA B IJla3Me, MbI HeH36exHO 
OJDKHbI HCXOJMTb H3 HEKOTOpOrO HeasM3KpoBaH- 
HOrO cnOKOMHOTO cocTosHHaA. Ec Masibie BO3My- 
I€HHA TaKOFO COCTOAHHA 3aTyXalOT CO BpeMeHeM, 
TO TaKO€ COCTOAHHE Ha3bIBaeTCA YyCTOMYHBbIM, a 
€CIH MaJIbic OTKJIOHCHHA OT NOJIOXKeCHHA PaBHOBeCHA 
HapacTaloT CO BpeMeHeM, TO HCXOZHOe COCTOAHHE 
HeycToiunBo. Bo BTOpoM cylyyae MMeeTCA CeLyHO- 
Wad ajlbTepHaTHBa: WH60 CucTeMa nepeiizeT B Zpy- 
FOC PaBHOBECHOe COCTOAHHE, ABJIAFOUeeCA yCTOii- 
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TOKOBAA KOHBEKIINA TJIA3MbI 


11. TOKOBO-KOHBEKTMBHAA HEYCTOMYMBOCTL. . . 303 
12. HEYCTOMYMBOCTL MOJOXKMTENBHOrO CTOJIBA B 

MATHUTHOM TOE MW JIAMAHAPHAA KOHBEKLUMA 304 
13. TYPBYNEHTHAA KOHBEKIIMA TIJIA3MbI MOOKH- 


TEJIBHOTO CTOJIBA ... . 305 

14. TYPBYJIEHTHAA YTEYKA YACTHIL M3 PA3PAJIA B 
CHJIBHOM MAIFHMTHOM NIOJIE ......... . 305 

oe ere a we ww ds ae eo 


4YHBbIM, JIMOO TaKOrO COCTOAHMA He CyllecTByeT, H 
Tora B CHCT€Me BOSHMKHET HeKOTOpoOe HecTallMoHap- 
Hoe JBYXKeHHe, BO3MO%XKHO, JIOBOJIBHO CJIOX%KHOE. 
THNMYHBIM NpHMepoM BTOpOo CHTyallMH sABIIAeETCA 
TypOyeHTHOe TeyeHHe OOBIMHOM %XxXHEKOCTH mp 
oueHb Oobwiom yncne Peinonbaca. Bcnenzctsue 
HeyCTOHYHBOCTH B TaKOM TeYyeHHH BO3byxTaeTCA 
HaCTOJIbKO OosbUIOe YHCIO cTeneHei cBOboODBI, 4TO 
JIA CFO ONMCaHHA NPHXOAMTCA HCIONb30BaTb CTaTH- 
CTH4eCKHe MEeTOJIBI. 

To o6cTosTenbCTBO, YTO B Ma3Me JerkO BO30yx- 
aroTCA LWIYMbl, MOKa3bIBaeT, 4YTO B PeaJIbHbIX ycJIO- 
BHAX Mla3Ma alle BCcero GpbiBaeT HeycTOM4uMBa. 
Orctona cyleayeT, 4TO uCCHe_OBaHHe yCTOMYHBOCTH 
la3Mbl ABIACTCA HEOOXOAHMOH NpewNOchIKOH 1A 
NOJHOTO NOHHMaHHA MpOMCXOAALIMX B Hei (pH3H4eC- 
KHX Mpoueccos. Uccnegospanuro HeycToi4uMBocTH 
T1a3MbI ObIIO NOCBALICHO OFPOMHOe KOJIMYECTBO 
TeopeTHueckHx pa6oT, Onaromapa KOTOpbIM B 
9TOM BOTIpOce JOCTHIHYT 3Ha4HTeJIbHbIM Mmporpecc, 
M (H3H4eCKHe NPHYHHbI MHOFHX BOB HeycToun- 
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BOCTH JOBE JCHbI 0 NOHO ACHOCTH (CM., HanpHmep, 
0630p [1)]). 

HeycTOH4MBOCTH Tla3Mbl MOXKHO pa30HTb Ha [Be 
6oibluuIMe Ppylnbl: THI pOMarHHTHble KH KMHeTHYeCKHe. 
[MPpOMarHHTHbIMH MbI YCJIOBHMCA Ha3biBaTb TakHe 
HeyCTOHYMBOCTH, KOTOpbie CBA3aHbI C NepeMellleHHeM 
B [MpOcTpaHCTBe OTJ@JIbHbIX MaKPOCKOMHMY4CCKHX 
yiacTKOB Ila3Mbl. ITO HeyCTOMYMBOCTH, BHMMBIC, 
Tak CKa3aTb, «Ha ria3». Jia MccCNeqOBaHHA TaKHx 
HeyCTOHYMBOCTeH MOXHO MOJIb30BaTbCA YpaBHCHHAMH 
MarHHTHOH FHUpOAMHaMMKH, OTKyZa H MpOHCXOZHT 
WX Ha3BaHHe. KwHeTM4ecKHe HeyCTOMYMBOCTH ABJIA- 
joTCA TMposBeHHeM Gonee TOHKHX 3pdeKTOB: AA 
HUX CYLIIECTBCHHO pa3JIH4YHOe MOBeECHHe OTCJIbHbIX 
yaCTHIL B OMHOM H TOM Xe MeCTE MpOcTpaHcTBa, 
NOITOMY HX HCCIeOBaHve MOxeT ObITb NpoBezeHO 
TOJIbKO Ha OCHOBe KHHETHYCCKOrO ypaBHeHHA C CaMo- 
cOrsaCOBaHHbIM NOJIeM. THMMYHbIM MpHMepoM Takoii 
HeYCTOHYHBOCTH ABJIACTCA «MYYKOBaA» HeyCcTOH4H- 
BOCTb, BO3HHKalOulad B pe3yJIbTaTe B3aHMOCHCTBHA 
yacTHL My4Ka C 3JIeKTPOHAaMH HM HOHAMH I1J1a3MbIl. 
KuHeTHY¥eckHe HeyCTOHYMBOCTH Kak MpaBHJIO CBA- 
3aHbI C BbICOKOYACTOTHBIMH KOPOTKOBOJIHOBbIMH 
koseOaHHAMH, MK B ITOM CMBICJIC OHH ABJIAIOTCA Kak 
ObI « MAKPOCKOMM4CCKHMH » NO OTHOLMCHHHO K KpyMHo- 
MacuiTaGHOMy HM Gonee MeJJIeHHOMYy FMIpoOqHHaMH- 
YeCKOMY JIBHXKCHH1O. 

CooTBeTCcTBeHHO H Te HeJIMHeMHbIC JBHXKCHHA, 
KOTOpbie BO3HHKalOT BCJICCTBHe HeyCTOHYHBOCTH, 
MO2KHO IIpHOsJIMKEHHO pa30uTb Ha Te Ke Be rpynnibl — 
MeJUICHHbIc, WIM FHIpOaMHaMM4eckHe, HW ObICTpbie, 
WIM KMHeTHYecKHe. B HacToaulei paboTe MbI OrpaHH- 
4YHMCA PpaCCMOTpeHHeM TOJIBKO IHJPpOMarHHTHbIxX 
IBMxKeCHHH, B COOTBETCTBHH C 4eM JIA ONMCaHHA 
nla3Mbl OyeM NOJb3OBaTbCA YPaBHCHHAMH MarHuT- 
HOM rMapoqMHaMukH. Kak OyfeT noKa3aHO HHxe, 
MOXKHO TIPOBeCTH WasleKO HYULYHO aHaJIOrHlO Mex Ly 
1a3MOH B HEOMHOPOAHOM MarHHTHOM M0Jie H HECKH- 
MaeMOH %XHAKOCTbIO B Mose TAKeCTH. A HMCHHO, 
IBYXKeHHE I1Jla3Mbl, BOSHHKalOLUee 3a C4eT Ce HEYCTOH- 
4YMBOCTH, OKa3bIBaeTCA CXOZHbIM C TypOyseHTHOI 
KOHBeKUMeH OOLINHOHM %HOKOCTH. B cBa3H C 9THM, 
uTOObI He OTCbIIaTb YHTaTesIA K JpyrMM CTaTbsM, 
MbI COY4IH YMCCTHbIM BKJIIOYHTb ClOJa H3JIOKeHHe 
HeKOTOPbIX BONpOocoB TypOyJIeHTHOCTH OOBIMHOH *KHL- 
KOCTH. 

B paOote nonmyTHO KpaTKO H3JlaralOTCA OCHOBHbIC 
BONPOCbI THAPOMarHHTHOK HeyCTOHYMBOCTH M1a3Mbl, 
HM B 3TOM OTHOUICHHH OHa B H3BECTHOM Mepe HOCHT 
oO30pHbI XapakTep. 


2. Hekotropnie ceexenna 0 Typ6y.1eHTHOCTH B OOLI4HOI 
*KHIKOCTH 


2.1. HEYCTOMYUBOCThb, KOJIEBAHMA, TYPBYJIEHT- 
HOCTb 


B KOMHaTe CO CIOKOMHbIM BO3YXOM MOXHO 
HaOmHOaTb, KaK NOAHMMAaLOUlascd OT TOpALeH Cura- 
peTbl CTpyiika fbiIMa Ha4MHaeT CHa4asia He3Ha4H- 
TeJIbHO, 3ATEM BCE CHJIbHee HM CHJIbHee HM3BKBATbCA, 
npeppailaeTca B OTJebHbIeC NPHYYWIMBbIe CTpyiku, 
KOTOPbi€ CJIMBaIOTCA 3aTeM B LIMpOKyWO, XaOTHYeCKH 


TYPBYJIEHTHAA KOHBEKLIIMA TUIA3MbI 


Puc. 1 KonpekuwOHHad CTpyA Hal HarpeTbIM TeJIOM. 


JBMKYUlyrocaA cTpylo (cM. pHc. 1). Dror npxHmep 
ABACTCA THMMYHBIM IIA MHOFHX ABJICHH, KOra Ip 
yBeJIM4eCHHH HEKOTOPOrO NapaMetTpa (B JaHHOM Cily4ae 
unciia PeiiHombiaca) B CHCTeMe CHa4asla TepseTcA 
YCTOH4MBOCTb, 3aTeM aMILIyTHa KoseOaHHi BO3- 
pacTaeT, M B KOHIeC KOHIOB MpOHCXOAHT nepexoy B 
TypOyneHTHBI pexum [2]. 

Ilepexog oT ycToi4uMBoro JaMHHapHOro TeweHHA K 
Typ6yNeHTHOMYy MOXHO NOApa3eNHTb Ha HECKOJIbKO 
cTyneHei, KOTOpbie OTJIHY4alOTCA Kak NO xapakTepy 
JBYOKCHHA %KUUKOCTH, Tak H 10 TEM MaTeCMaTH4YeCCKHM 
MeTOaM, KOTOpbie HCNOJIb3yIOTCA JUIA MX ONMCAaHHA. 
7ina HarnagHoctu o6paTumca onsaTe kK puc. 1. Llud- 
poi | 30ecb oTMeYeHa OOaCTb yCTOHYMBOrO TeYeHHA ; 
JIA €€ ONMCAHHA WOCTATOYHO HaliTH COOTBETCTBYIO- 
ulee + CTalMOHapHoe peluleHHe ypaBHeHua Hasbe- 
Crokca. Bea nocnenyrouaa o6acTb cTpyu HeycToii- 
4HBa MH B CBOW O4epeyb OHA MOXeT ObITb pa3zOnTa Ha 
cule qyroulMe y4acTKH: 

2 — y4acTOK MaJIbIX KOJIeGaHHii, re MOXHO NOJIb- 
30BaTbCA JIMH¢€apH30BaHHbIMH ypaBHeCHHAMH 
rMpoOAMHaMHKH. 

3 — yyacrok kone6aHuii c KOHeYHOK amnmMTyO. 
Jina onucaHva BHxKeHHA B 3TOH OONaCTH 
MOXKHO BOCIIOJIb30BaTbCA MCTOJIOM pa3s10xe- 
HHA 110 aMMIMTyRe KONeGaHHA, aHaIOrH4YHbIM 
MeTOnRy Bau-ep-Ilona, ucnonb3yemoMy 1A 
vccIeqOBaHHA KONeGaHHi cna6o HeJIMHeHHBIX 
CHCTeM C KOHC4HbIM 4HCJIOM CTeneHel CBOOO BI. 
Takoii npHOnMxKeHHbIi MeTO YCNOBHMCA Ha3bl- 
BaTb KBa3HJIMHCHHbIM. 

4 — nepexoguaa oOmacTb O4eHb CNOXKHOTO BH- 
%*KCHHA, MpaKTHYeCKH He OMMCbIBAeMOTO KOJIH- 
4YeCTBCHHO. 

5 — typ6ynentTHaa crpys. Ha 3Tom yu4acTke ABH- 
%KeHHe HKHIKOCTH CTaHOBHTCA HaCTOJIbKO Xao- 
THYCCKHM, 4TO €fO MOXHO OMHCbIBATb CTaTH- 
CTHYCCKH, BbIJeIAA HeKOTOpOe cpezHee JBH- 
*KeHHe, Ha KOTOPOe HaJIOXKeHbI MyJIbCallHu pa3- 
JIMYHBIX AMIVIMTY. WH MpOCTpaHCTBeHHbIX Mac- 
uTa6os. 

B mocnenzyrouleM H3JI0xKeHHH BONpocoB Typ6y- 
J@HTHOH KOHBCKIMH Mla3Mbl MbI Takxe 6yemM 110 
BO3MOXHOCTH CTapaTbCA MIpOcieqHTb 3a aHaslOrH4- 
HbIM Tlepexoq0M k Typ6yNeHTHOCTH, Ha4YHHas C MO- 
MeHTa TIOABJICHHA HeyCTOM4MBOCTH. 


2.2. KOHBEKLIIMA 


KOHBCKTHBHad HeCYCTOMYMBOCTL MpescTaBsiaeT Cco- 
60 HanGonee npocToi BUA HeycTOM4MBOCTH B OOBIN- 
HOH *xMAKOCTH. IlycTb NAOTHOCTS ¢ HAeabHOK *KH- 
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b. B. KAJIOMLIEB 


KOCTH BO3pacTaeT C BbICOTOM, Tak 4TO Govlee TaA- 
*KEIIbIC COM PacnOJOX*KeHbl Hall Gosiee JlerkKHMH. Takoe 
COCTOAHHe ABJIACTCA, OY4eBHAHO, HeyCTOM4MBbIM. 
UroObl onpewenuTb MHKpeMeHT HapacTaHHaA MaJIbIx 
BO3MYLCHHH, CJIEAYeT BOCNOJIb30BaTbCA JINHeAapH30- 
BaHHbIMH YpaBHeHHAMH THApOAMHaMHkH. JlonycTum, 
4TO JJIMHa BOJIHbI BO3MYLIICHHA MHOTO MeHbIlle 
XapakTepHOHK JVIMHbI, Ha KOTOPOH NMponcxouHT H3- 
MeHeHHe MIOTHOCTH. Jia TaKHX BO3MYLIICHHH 3aBH- 
CMMOCTb OT KOOPJHHaT MOXHO BbIOpaTb B BHe 
NJIOCKOH BOJIHbI, KH WIA HECKAMACMOM %XUAKOCTH Oy- 
@M MMeTb: 
iwv’+ikp’=o'g, (2.1) 
—iwo’+ v2’ sf 0, (2.2) 
rye m—4acTOTa BO3MYLICHHA Ba exp (—iwt 
+ ik-r), p’— Bo3MylUeHHe aBieHua, g — ycKopenue 
CHJIbI TAXKECTH, HallpaBJIeCHHOH NO — Zz, 0’ — BO3MYILIIe- 
Hue moTHOcTH. [lomb3yacb ycnoBHuemM Hecx%KHMae- 
mMocTH k-v’=0, ucksoY¥aem p’ HM HaXOJMM ypaBHeHHe 
JIA ONIpeNeseHHA cw: 
k,? q d 0 
ke? 0 az’ 


roe k ,*=k;*+-ky, k®=k ,?+k2?. 

Kak BHaHO M3 ypaBHeHusa (2.3), npn do/dz>0, 
T.e. g:-Vo<0 4acToTa @ CTaHOBHTCA MHMMOii, 4TO 
np Imw > 0 o3Ha4aeT 9KCNOHCHUMAJIbHOe HapacTaHHe 
MaJIbIX BO3MYLICHHH. 

B mpeyesIbHOM CJly4ae pe3sKoii rTpaHulbl HeycTOM4H- 
BOCTh TAKEO XWXMOXKOCTH Hal Jierkoii Ha3biBaloT 
HeycToH4MBOCcTbW Pesies-Teiinopa. 

AnaJIOrM4Hasd HEYCTOMYMBOCTh MMeeT MECTO B XKHI- 
KOCTH, HaxOAleHCA B MOpHcTou cpene. B 3TOM cuy- 
4Yae MHCPLMOHHbIe CHJIbI HECYLUCCTBCHHbI, HW MepBbiii 
yleH B (2.1) CeayeT 3AMeCHHTb MpOCTO Ha CHJIy Tpe- 
Hua F = —av’, B3ATyl0 C OOpaTHbIM 3HaKOM. Bpipa- 
*KeHHe JIA MHKP€MeHTa HapacTaHHA MaJIbIX BO3MY- 
LWe¢HHH MpHHHMaeT BHI: 


wo? = — 


(2.3) 


2 


> g do 


Im w " 
k? ao dz 


(2.4) 

B peaJibHbIX yCIOBHAX KOHBEKTHBHad HeycTo4H- 
BOCTb BO3HHKaeT 3a CYET TENOBOFO pacluMpeHHA raza 
WJIM %KMIKOCTH, MOAOTpeBaeMbIx CHH3Y. 

Kak o6Onapyxus Benap [3], KoHBeKUMOHHOe JBH- 
%*KeCHHE B COC KHAKOCTH MCKAY ABYMA MJlaCTHHKaMH 
BO3HHKaeT TOJIbKO B TOM Culy¥ae, eCIM rpalveHt 
TeMMepaTypbl NpeBOCcXxOAUT HEKOTOPOE OMnpeeseHHoe 
3HayeHHe. DITO saBeHHe, OObaACHeHHOe Peseem [4] 
(cm. Takxe [5]), CBa3aHO C TeM, 4TO NIP JBHKeHHH 
*KUOKOCTH CO CKOpOCTbIO Vo Mexiy IlacTHHKaMH, 
HaxXOJALWMMHCA Ha paccTosHHuH d g~pyr OT mpyra, 
BOSHHKalOT BA3KHE CHJIbl| ~ vou'/d*, rae v — KMHe- 
MaTH4ecKad BA3KOCTb. TloxTOMy KOHBeCKIIMA MOXeT 
BO3HHKHYTb JIHLIb Mp yCOBHH, 4TO CHJIa BA3KOCTH 
OyneT MeHbUIe o’'g=fogT’, rae T’— Bo3myulenne 
Temnepatypbi, / — koxppuuneHt oOObemHOrO pac- 
uiMpeHHa. BosmyleHHe TemmepaTypbl onpenesaeTcsa 
OalaHCOM Mex Ay KOHBCKUMOHHbIM Ie€peHOCoM Telia 
HM BbIPaBHHBaHHeM TeMIlepaTypbl 3a CYeT Tensonpo- 
BOJHOCTH, Tak 4TO IA BO3MYLCHHH MaculTa6a d, 
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4 1T/d*~v'dT/dz, rae ¥ — TemMnepaTyponpoBoaHOcts, 
Orctoa nosyyaemM, 4TO HeyCTOHYHBOCTbh BO3HHKaeT 
TOJIbKO B TOM CJIy4ae, ecuIM Ge3pa3MepHad BeJIM4HHa 
Ra=(fgd*/vz) dT/dz, Ha3biBaemMaaA 4HCIOM Pevea, 
MpeBOCXOAHT HeKOTOpoe KpHTHYeCKOe 3Ha4eHHe Rag. 

Ecau uncno Penea He HAaMHOTO MpeBOCXOAMT KpH- 
rM4eckoe 3HAYeCHHe, TO B KHAKOCTH BO3HHKAHT Mipa- 
BHJIbHbIe LICCTHYFOJIbHbIe AYeMKH KOHBCKUMOHHOrO 
nmpwxKeHua [3]. KonuuecrBeHHO TakOe JBHKeHHe 
ONHCbIBaeTCA B KBA3HJIMHEHHOM MpHOHKeHHH [6— 10]. 
[Ipu 39TOM y4HTbIBaeTCA, 4YTO BOSHHKaOWad KOHBCK- 
WMA TIpHBOAMT K YMCHbIeCHHIO CpeaHero rpayMenta 
TeMMepaTypbl BHYTPH %XHAKOCTH HM TakKHM OOpa30m 
OrpaHH4nBaeT asibHeluiee HapacTaHve BO3MYLLCHHA. 
YctTaHOBMBLIaACA AMIJIMTYa OKa3biBaeTCA Mponop- 


WMOHATIbHOK V Ra— Rac, a TeNMOBOK MOTOK MO-pex- 
HeMy JIMHeMHO pacTeT Cc TeMMepaTypoii, HO Hec- 
KOJIbKO ObicTpee, 4M B OTCYTCTBHE KOHBCKLIMH. 
EcM y4ecTb 3ABMCHMOCTb BA3KOCTH OT TEMMepaTypbi, 
TO MOXKHO OObsACHHT [9] OOpa30BaHHe WIeCTHyrOuIb- 
HbIX s4¥eeK: TIpH TakOM CHMMeTpHH Gosbue BCero 
pa3IM4atoTca Mexay CoOoH BOCXOZALIM H HHCXOss- 
WMH MOTOKM, H TEM CaMbIM CO3aeTCA BO3MOXKHOCTb 
o6pa30BaHHaA 9HeEpreTHYecKH HanOosee BbITOTHOTO 
reveHHA, KOra B WeHTpasIbHOH YacTH AYeHKH, Kya 
CXOMATCA BCe NOTOKH C NepHiepHn, %*HAKOCTA OOsa- 
jaeT MMHMMabHOM BaA3KOCTbIO. CorsacHo Takoii 
TOukKe 3PeHHA B WeHTpe AYeHKH Y %XMAKOCTH OJDKeH 
ObITh BOCXONALIMH, a y Ta3a HHCXOJAWIMH MOTOK, 
4TO H HaOsOMaeTCA IKCNEPHMCHTAJIbHO. 

Kak noka3biBaeT 9KCNepHMeHT [8], A4eHKH CyLecT- 
BYIOT BIIOTh 20 3HaY¥eHHH YHCNa Peres, Ha NOPAOK 
npeBbILuarouwux KpuTH4eckoe. [1px 9TOM BO BCe ITOK 
oOsacTH MOTOK Tela NpaKTHYeCKH JIMHCHHO 3aBHKCHT 
OT Temiepatypbl. IIpH aanbuHeiuiem ysBesM4eHHH 
uucna Penea s4eiKH, B CBOKW O4epelb, CTaHo- 
BATCA H€yCTOMYMBbIMH, MH HakoHell, mp Ra> Rac pa3- 
BHBaeTCaA TypOyIeHTHaA KOHBeKLHA. 

Tak Kak KOHBCKIIMOHHbIM MepeHoc Telia MOxeT 
HaMHOFO MpeBbilllaTb MepeHoc Temsia 3a CYeT TeMNJO- 
MIpOBOAHOCTH, TO np TypOyNeHTHOH KOHBeKIMH TeM- 
nepatypa %*xHQKOCTH sABJIAeTCA NOYTH NOCTOAHHOM 
BCIOAY, 34 MCKIKOYCHHEM MpHCTeHOYHBIX OOsacTeii. 
IlosToMy MOCTaTOYHO pacCMOTpeTb JIMLb OAHY H3 
CTeHOK, CKaxKeM, HHWKHIOW. [IpezctaBHimM Temmepa- 
Typy *HKocTH B Bue 7+-7’, rune T— cpeqHaa TemM- 
nepatypa 3a Gobulod mpomMexyTOK BPpeMeHH, a 
T’— nysbcalMa Temnepatypbi, oOycnoBseHHad KOH- 
BCKIMOHHbIM JBHOKeHHeM. IIpv mepemMellleHHH HeKO- 
TOporo y4acTKa *KMAKOCTH Ha paccTosHHe A TeM- 
nepaTypa OTKJIOHACTCA OT CpenHei Ha BeJIMYKHY 
T,'~~AdT/dz. Takum o6pa30m, T’ MOxHO ipesCTaBUTb 
B BUe HaOOpa NybCalMi pasM4HbIX MacuiTaGos 7;’, 
npw4em mysibcauua Tem Gosbuie, 4eM Gonbule ee 
mMacuita6 2. TlockombKy mepeHoc tensa ocyulect- 
BUIACTCA 34 C4CT KOHBEKUMH, TO TeENJOBOM MOTOK 4g 
paBeH CpeHeMy 3Ha4eHHWO OT OCyv’ 7’, rae @ — NI0T- 
HOCTb X%KHAKOCTH, Cy — €€ TeEMOCMKOCTb, v’— MyJIb- 
cauuaA CkopocTH. Takum oGpa30M, q MOXxHO Mpe/i- 
CTaBHTb B BH Je: 

dT 


q - 09% a> (2.5) 
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me Y%,=<Av;) kooxppuunentT TypOyNeHTHOH 
reylepaTyponpoBoaHoctH. TlyibcauMto ckKOpocTH 
MOAHO HaliTH, NPHpaBHHBad KMHETHYeCKY!O IHEPrHto 
nyibcauuM paOote cub TaxecTH (v’)?/2~T’ pig~ 
~qgP//v'ocy. Onpenenaa oTcrona tv’, HaXOMM: 


1 
ig 3 
; A(" ~) z% 
kr oo 


rie A — 4HCJICHHbIM KOIXPDPUUMEHT NOpAAKa CAMHHLBI. 
[Ip BbIBOAe ITOFO BbIPaxKeHHA Mbl YIM, 4TO Tens0- 
Bol NOTOK ONpeseAeTCA Ny/bCaLMAMH HanOOJIbIUe;roO 
macuiTaOa, KOTOpbIii OrpaHH4eH paccTOAHHeM OT 
CTeHKM Z, MOCKOJIbKy ONyckKaloulHiicA BHH3 y4aCTOK 
KHIKOCTH, HAaXOJMBLUIKHCA BHaYase Ha paccCTOAHHH Z 
OT CTCHKH, H€ MOXECT COBEPLIMTb BEpTHKaJIbHOe CMeLIe- 
Hue OoNbuUIe Z. 

Iipw ycraHoBuBueiica KOHBeKUMM g=const., H v3 
(2.5) HaxO2MM pactipeteneHve CpenHei Temnepatypbi: 


4 
$ 


(2.6) 


op 3q°* : 27 

i I’ A (Bg)"/3 (oe)? | - *, (2.7) 

rae Ty 

Z—> 00. 

BbipaxkeHvem (2.7) Hes1b3A NOJIb30BaTbCA NPM MaJIbIX 

z, TaK KaK OY4eHb OH3KO OKOJIO CTCHKH OCHOBHbIM 

MeXaHH3MOM MepeHoca Tella CTAHOBHTCA MOJIeKyAp- 

abit. Jlonycrum, uro y~v. Torga typOyneHTHas 

KOHBeKUMA Oy eT HMeCTb MCCTO BIIOTh 20 paccTOAHHA 

2=Zo, THe ¥p= Z, T.€. Z2y=(%/A)!(Oco/ gh g)*. Mona- 
ran TT; npn 22, Haiem U3 (2.7): 


remilepatypa BasiM OT CTeCHKH, T.e. pH 


l 

¢ a Bl Fo)" (as) 

C9 (7s 1’) zx 

rae 7; — Temnepatypa crenku, B — nekoTopbiii 4uc- 

NeHHbIM KOIPpuuUKeHT. Takad 3aBHCHMOCTL jeiiCcTBH- 
IeIbHO HaOsOMaeTCA Ha IKCHEPHMeHTe. 

Takum o6pa30m, KaeCTBeEHHO MOXHO MpeuCcTaBHTb 
ceOe CuIeMyIOWLy!O HeasIK3MpOBaHHylO KapTHHy KOH- 
BekuMu [11]. Harpeparoulveca OT CTeHKH CaMble HWXK- 
HHe CJIOM %HAKOCTH H3-3a HeyCTOMYHBOCTH NMOAHH- 
MalOTCA BBEPX H HarpeBaloT BbILIe JexKAalMe CON. 
BcneacTBHe 3ITOTO CO31aeTCA BO3MOXHOCTh pa3BHTHA 
Oonee KPyNHbIX NyibcauMi, KOTOpbie nmporpeBatot 
Oonee ToNCcTbI CHOW *XHAKOCTH HM T.a. Ecau Obi nepe- 
MeLUMBaHHe BHYTpH KaxkZOrO MacuiTaGa OblI0 O4CHb 
XOPOLUMM, TO HaOsHOAatacb Obl HMCHHO Taka aBTO- 
MOJeIbHad ICTatpeTa OT MeJIKHX MysbcauHii K Gosee 
KpynHbIM. K coxasieHHtO, Bech CHO, B KOTOPOM 
IpOHCXOJHT OCHOBHOe H3MeHeHHe TeMIlepaTypbl, 
ABNACTCA JOBOJIbHO TOHKHM: e€rO TONLIMHA OKa3bi- 
BacTCA NOpADKa TOMUMHbI JIaMMHAapHOTO MOCO. 
[ostomy xopowero nepeMeliMBaHHsA OKUDaTb Tpyl- 
HO. Kak moKa3biBaeT 9KCHepHMeHT [12], peasmbHas 
KOHBeKUMA HMeeT ropa3aq0 Gonee CHO*KHYHO CTpyk- 
lypy, 2 HMCHHO, M3 NpHcTeHO4uHOK OONacTH BpeMA OT 
BPpeMeHH BbIOPAachIBalOTCA OTMeNbHbIe TypOyJIeHTHbIe 
ctpyu. Tem He MeHee, Takue rpyOble xapakTepxHCTHKH 
TypOyneHTHOH KOHBeKUMH, Kak CBA3b g C 7T;—Tp, 
WIM pacnipenenenve cpenHei Temnepatypbi BOH3H 
CTCHKH, YIOBJICTBOPUTeJIbHO COraCcylOTCA C MOJIeJIbIO 


TYPBYJIEHTHAA KOHBEKUUA TJIA3MbI 


now06ua TypO6ysJIeHTHOCTH Ha Ppa3HbIX PacCTOAHHAX O17 
CTeCHKH. 

Bnu3koHh moO xXapakTepy K  KOHBCKUMOHHO 
HeYCTOHYMBOCTH ABJIACTCA HCCIeAOBaHHaA Teiiopom 
HeyYCTOMYHBOCTh XKHAKOCTH MOXY BpalllalOllMMuca 
uKJIMHopamMu. WM B 9TOM ciyYae pH Mano HaZ- 
KPHTHYHOCTH HeYCTOHYMBOCTh NposBAeTCA B OOpa30- 
BaHHH “KOHBCKIUHOHHbIX» sAYeeK, KOTOPbie MOryT 
ObITb ONKCAaHbI B KBa3HJIMHCHHOM NpHOsMxKeHHH [13]. 


2.3. TYPBYJIEHTHbIE CTPYU 


B ocHoBe pa3BHTHA TypOyJICHTHOCTH B CTpyAX JI@KHT 
HeyCTOHYMBOCTh TaHreHUMaIbHOrO pa3pbiBa (HeycToH- 
4uMBOCcTb KenbBuHa-[enbMrosibua). PaccmMoTpumM Ba 
nOTOKa H€CKHMaeMOH XKHIKOCTH MIOTHOCTH 0, JBH- 
*KYLLMXCA B MPOTHBONOJOXHbIC CTOPOHbI C OAMHAaKO- 
BOH CKOPOCTbWO ¥ H CONpHKacaloulnxca Mexay Cobol 
no HeKOTOpOH nuocKoH rpaHuue. JlonycrumM, 4TO B 
Ha4aJIbHbIM MOMCHT rpaHulla NOABeprHyTa HeKOTOpO- 
MY HCKPHBJICHHHO C JUIMHOM BOJIHbI A MW aMnIMTyHOn &. 
[ip TakKOM HCKPHBJICHHH CKOPOCTb *KHAKOCTH Hal 
BePLUIMHOH BOJIHbI YBeJIM4YHTCA, a Hal BlawqHHol 
YMeHbLUMTCA Ha BeM4unHy ~v 5/7, MW CHeMOBaTeIbHO, 
no 3akOHy bepHy.J1M NOABUTCA BOSMYLUCHHe JaBsIeHHA 
p'~ov* &/2 Takoro 3Haka, 4TO OHO GyneT cnoco6cTBO- 
BaTb BO3PaCTaHHlO HavaJIbHOrO CMCLICHHA rpaHuilbl. 
Tak KaK Np TaKOM BO3MYLICHHH B JBHXKCHHe BOBJIC- 
KaeTCA COM XKMAKOCTH TOUUMHOHW ~A/, TO OLE = 
~ ov €//, oTKya NOsy4aeM, YTO HHKpeMeHT Hapacta- 
HHA MaJIbIX BOSMYLUCHHH Im «~v//A GbicTpo pacter c 
YMCHbLUCHHeM JVIMHbI BOJIHbI. OTCHO 2a MOXHO Cile- 
aTb BbIBOA, YTO TpaHHlla Mex AY BCTpe4HbIMH NOTO- 
KaMH JIOJDKHa Ppa3MbIBaTbCA CO BPeMeHeM, TpH4emM 
nepeMewuMBaHHe MOTOKOB OJKKHO HMeTb AKppy- 
3HOHHbIM ~XapakTep: CHa4asla pa3BHBalOTCA CaMbie 
MeJIKHe BO3MYLUCHHA, 3aTeM, MO Mepe paclinpeHHs 
nepexoAHoro cos”, Bce Gostee uv Gonee Kpynubie. 

B 9KcNepHMeHTaJIbHbIX YCJIOBHAX TaHreHUMasIbHbiit 
pa3pbiB OOpa3yetca, HallpHMep, NIpH BbITeKaHHH CTpyH 
*KHIKOCTH B MOKOMULYIOCA XKHIKOCTh (Tak Ha3. 
3aTONseHHad cTpys). Teopua typOyneHTHbIx cTpyit 
Obiia pa3Buta Iipanatnem u Tonmunom (co. [14, 
15)). 

Cornacuo [paHatmto pa3BHBaloulnecs BCE ACTBHe 
HeyCTOH4YMBOCTH MyJIbCauMH CKOpOCTH B CTpye mpH- 
BOWAT K MepeHocy KOJIM4eCTBa ABWXKeHHA (TOUHEE, 
3aBUXPeHHOCTH) Nonepek crpyi. Tlorok ummysibca 
MOXHO IIpeCTaBuTb B BH e 


du! du 


o=oP (2.9) 


dy dy 
rae / — ayMHa NyTH NepeMewiMBaHHA, uv — Npososb- 
Had CKOpOCTb, y — KOOpAHHaTa monepek cCTpyH. 
Muoxutesnb /*? du/dy nepen o du/dy MoxHO paccma- 
TpuBaTb Kak KOXPpuUKeHT TypOyNeHTHOK Andpy3uH, 
npuyem / HMeeT CMbICA WJIMHbI Npobera OTMeubHOrO 
yyactka %*MaKOcTH, a Bennu4unHy / du/dy, paBHyto 
pa3HOCTH ckopocteii Ha MinHe ~/, MOXKHO HHTep- 
npeTHpoBaTb Kak CKOpOCTb  fepeMeliMBaHHA. 
MpaHaAtab npenznonoxns, 4To / ABJIAeTCA NOCTOAH- 
HOH Nonepek cTpyH HM NponopunonanbHol ee noNy- 


289 








Bb. b. KAXOMLLEB 


wupuue 6, PaccuntaHHbli nO Tako TeopHun Npodwib 
CTpyH TIpvH Hayiexaulem BbIOOpe KOHCTaHTHI //b co- 
rylacyeTca C 9KCIIePpHMeHTasIbHO H3MepeHHbIM Oyk- 
BaJIbHO C TOYHOCTbIO JO HECKOJIBKHX MpOLMeHTOs, 
XOTA JaJIbHeHuiMe HCCIeHOBaHHA NOKa3aJIM, YTO Gosee 
TOHKad CTpykTypa TypOyeHTHOH CTpyH He BlOIHE 
corjacyeTca C MpocTbimu fonyuleHHamMu [IpanaTaa 
(cm., Hampumep, [15)}). 

Bbipaxenue (2.9) aa NOTOKa HMIyJIbcCa 0 MOXKHO 
HCNOJIb30BaTb HM ia TypOyseHTHOrO TeYeHHA B 
Tpy6ax, HO px 9TOM WiMHy NepemewimBanHua / BceL- 
cTBHe cTaOwIM3Hpyloulero WeicTBHA CTeHOK ClezyeT 
C4YHTATb NPONOPUMOHAaJIbHO paccTOAHHW y OT CTCHKH. 
Tak kak BOJIM3M CTeHKH o=Cconst., TO OTCHONa CihenyeT 
H3BeCTHbIM JOrapH@MHYeCKHH MpousIb CKOpOCTH. 


JMAMATHUTHAA KOHBEKLUUA TMJIA3MBbI 
3. KonpekTHBHad HeyCcTOH4HBOCTL 
3.1. JMAMATHUTHOE BbITAJIKUBAHHME ITIJIA3MbI 


Kak W3BeCTHO, 11a3Ma B MarHHTHOM MOJIe BeeT 
ce6a KaK MaMarHHTHOe BeLecTBO: ee aBsIeHHe 
NOJIHOCTbIO _BOCIPHHMMaeTCA MarHHTHbIM TOJIeM, H 
BCJIEICTBHe ITOFO MarHHTHOe Mose BHYTPH Hee HeCc- 
KOJIbKO OcuaGeBaeT. Kak BCAKH HaMarHeTHK, I11a3- 
Ma BbiTaJIKMBaeTCA H3 OGacTeii c Gonee CHJIbHbIM 
MarHHTHbIM MOJIeEM, HM MOITOMY ee NOBeeHHe B Mar- 
HHTHOM T10Jl€¢ 2OJDKHO ObITbh BO MHOFOM CXOHO C 
TOBE EHHEM %XKKKOCTH B Mose TAKECTH. 








Puc. 2 Cunosasa Tpy6ka c na3MOii B TOPOMAasIbHOM MarHuHT- 
HOM move. 


MbI Ha4HeM C CaMoro MIpocToro IIpHMepa, a MMeH- 
HO, PacCMOTPHM KOJIbueBylO TpyOKy Cc M1a3MOii, Ha- 
XOMAULYIOCA B TOPOHAaNIbHOM MarHHTHOM TouIe 
(cm. pHe. 2). OrgenbHble 3apaxKeHHbIC YaCTHIbl B 
TakKOM MosIe Hapaty co cBOOORHbIM JBMxKeHHeM 
BJOJIb CHJIOBLIX JIMHM HCMbITbIBAIOT peli) BOJb 
ocu z. IIpH MaKCBeJIJIOBCKOM pacripeyeJIeHHM 10 CKO- 
POCTAM cCpeqHAA CKOpocTb pela paBHa va= 
=2cT/eHr, rne T — temnepatypa, H — sesmunna 
MarHHTHOTO MOJIA, 7 — pawWyC KPHMBH3HbI CHJIOBO 
JIMHMM. Tak Kak CKOpOCTH JIpeiitha 3JIeKTpOHOB H HOHOB 
HallpaBJICHbl B pa3Hble CTOPOHbI, TO BCJICCTBHe pa3- 
eNeHHA 3apAOB NOABHTCA 92IeKTpHYecKoe Tose 
BJOJIb OCH Z, KOTOPOe NPHBOAHT K Apeiity B pawMasb- 
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HOM HalpaBsieHHH. Y4HTbIBaA CHJIy HHEpLMH B BbIpa- 
%*KeHHH JIA CKOPOCTH Apelitba HOHOB, HMeeM: 


H bust en {Poth + Pe) cM. 
c ss eHr eH it, 


E= 
rae nN — WIOTHOCTh 3JICKTPOHOB H HOHOB. Orctona 
HaxOJHM: 


22 2p 


(3.1) 


Q2+2H? Mnr’ 
rye 
2 4ne?n eH —— 
Q,! = - . ~< Qy= Me? p=n(T\+Te). 


C nomMoulblo cooTHOWeHHA (3.1) MOXKHO OLeEHHTE, 
Ha4HMHad C KaKOM IJIOTHOCTH COBOKYMHOCTb 3J1eKTpo- 
HOB HM MOHOB MOXHO paccMaTpHBaTb kak mia3My. Ja 
3TOFO HEOOXOZMMO, O4eBH AHO, 4TOObI 3a BpeMaA TOl- 
HOFO pa3eJICHHA IICKTPOHOB MH HOHOB HX paHasi- 
Had CKOPOCTb BO3pOCIa WO 3HaveHHA ~ vg. OTcwoga 
nosly4aem 


re <ar, (3.2) 
rye a — nonepeyHbii pasmep tTpyOku c ma3Moi, 
ra=(T/M2,?)"? — geOaesckui paguyc [B oTsM4ne 
OT OOBIMHOFO ONpeyeteHHA DeGaeBckoro paauyca pH 
Te A Tj 30ecb CileayeT MOHHMaTb T= max (Te, 7))]. 

B apyrom mpezetbHoM cayyae 22,2> 2p? cooruo- 
wieHHe (3.1) MOXHO NOMYYHTh FHApOAMHaMM4ecKH. 
ZlonyctuM, 4TO aBeHHe Ma3Mbl MHOTO MEeHbIIe 
WaBieHHA MarHHTHOrTO Noms, T.c. P=8rp/H*<1. 
Torgla WCKaxkeHHeM MarHHTHOrO NOsIA 3a C4eT JMa- 
MarHeTH3Ma [1Jla3Mbl MOXKHO NpeHeOpeub. Tak kak 
mjla3Ma CTPeCMHTCA PaclUMpHTbCA, TO TpyOka Cc 111a3- 
MOH BbITaJIKMBaeTCA B CTOPOHY yBesIM4eHHA CBOeTO 
o6bema. OgHako 2BMxKeHHe TpyOKH B CHJIbHOM Mal- 
HHTHOM T1OJIe He ABJIACTCA CBOOORHbIM: BCAKOe 3a- 
MeTHOE ee MCKPHBJICHHe CBA3AHO C GOONbUIMM yBeJIH- 
4YeHHCM MarHHTHOH 9HeEprHv HM NMOITOMY HeONyCTH- 
MO. JlONyCTHMbIM ABJIACTCA JIMLIb Takoe mepemeule- 
He TpyOKH, Ip KOTOPOM MarHHTHOe Mose OcTaeTcA 
H€H3MCHHbIM, T.€. MarHHTHOe Mose B TOM MECTE, 
Kya MIpHxOQHT TpyOka, WOJMKHO OCTaTbCA MpakTH- 
4eCKH TeM %*Ke, 4TO HM WO ee mpuxonza. OOtbem TpyOku 


papen V={sd/=q@ Qd//H, roe gy=sH=const. ectb 
BMOpOxXeHHbIii B TpyOky MOTOK, s — ee Momepe4Hoe 
ceyenne. TakiM 06pa30m, o6bem TpyOku c na3Moii V 
nponopuvouvasen HHTerpasy Od// H no cunoBoii THHHM 
B MecTe ee pacnonoxeHua. Tak Kak Ip yBenMYeHHK 


o6bema TpyOkH Ha BeHYHHy dV naa3mMa CcoBepuiaet 
paGSoty pdV, To yckopenue Tpy6ku Cc m1a3Moii paBHO 


—— | oe p aU - 
°="Mnv dr ~~ MnU| dr (33) 
rae Benmunny U=— Qd//H MoxHo paccMaTpHBaTb Kak 


«MOTCHUMaJIbHYHO» IHeEprHko TpyOkKH B MarHHTHOM 
none. B TopoHsanbHOM MarHHTHOM nose H~r-, 
U~ — r** wu coorHouenue (3.3) copnagaet c (3.1) 
npu 2,?> 2’. 
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3.2. YCNOBUE KOHBEKTUBHOW YCTONYHMBOCTH 


Jia MarHHTHOrO MOA C 3AMKHYTbIMH CHJIOBbIMH 
MHHAMH =YCOBHe YCTOHYHBOCTH Ma3Mbl HH3KOTO 
jaBsIeCHHA MOXeT ObiTb 3aNHCaHO B JOBOJIbHO OOLIeEM 
u BMecTe C TEM CpaBHHTeJIbHO NpoctoM Bie. Kak Mbl 
ycTaHOBHJIM BbILue, TpyOKa c na3MOii B 3aaHHOM 
MarHHTHOM Tl0Jie DBHXKeTCA B CTOPOHY YMeHbUICHHA 


U Od//H. HaoOopor, ecnu sea oOOnacTb 3anon- 


HeHa 11a3MOi HM JIMLUb OHA TpyOKa ABIAeTCA NycToH, 
10 TakKOH CBOeOOpa3HbIi «ny3bIpek» OyaeT BbITAIKH- 
BaTbCA B CTOpoHy Bo3pactaHHa U. Ilo anasoruu c 
HeEOAHOPOAHOH XHOKOCTbIO B MOJI€ CHJIbi TAKECTH 
OTCIOMa MOXKHO 3aKJOYHTb, 4TO 11a3Ma Oy eT B paB- 
HOBeECHH TOJbKO B TOM CJly¥ae, eC ee aBseHHe 
6yleT MOCTOAHHO Ha NOBePpXHOCTH nocTosHHOrO U, 
T.e. npH p=p(U). 

PaccMoOTpuM Tefliepb Bompoc 06 ycTo4unBocTH 
TaKOrO paBHOBeCHOTO COCTOAHHA M1a3MbI. [I peanoso- 
KUM, 4TO HeKOTOpasd TpyOKa C Mula3MOH CMeUlaeTCA 
Ha O€CKOHEYHO MaJlyHO BeJIMYHHY, pa3sABurad OCTAaJIb- 
uble TpyOKuH. Ecnu 93TO CMeLIeHHe KOHBCKTHBHOTO 
THNMa, He HCKaxkatoulee MarHHTHOe Mose, TO OTHOCH- 
TeIbHOe HM3MeHeHHe OObemMa TpyOKH paBHo 3V/V 

-dU/U, a w3MeHeHve AaBsieHHaA 3a CYeT annadaTH- 
yecKOrO pacuiMpeHua dp - yp dU/U. Jlapnenue xe 
B TpyOkax, OKpyxXKaloulHx paccCMaTpHBaeMylO HaMit 
CMeLLCHHY FO rpyOky, paBHO p(U+dU) 
p+(dp/dU) dU. 

EcsIM CMeLUCHHe MpOHCXOHT B CTOPOHYy BO3pacTaHHA 
U, a WaBnenve B CMeLICHHOM TpyOKe Oka3bIBaeTCA 
MeHbIe, 4eM aBsIeHHe OKpyxatoulei ee Mm1a3Mbl, 
To TpyOka GyteT CTPeMHTbCA BCIJIIBATb aJIbule, 
Ci€OBaTeIbHO, Takoe paciipewenenve 11a3Mbl Hey- 
croiunpo. Ecuu xe faBieHHe B TpyOKe OKaxeTCA 
donbure, T.e. — yp dU/U>(dp/dU)dU, to Tpy6ka 
OyneT BbITeCHATCA OOpaTHO, MH Ma3Ma ycTOM4MBa. 
TakiM 06pa30M, B MarHHTHOH JOBYLUKe C 34MKHYTbI- 


MH CHJIOBbIMH JIMHHAMH HUMCCT MeCTO Cle yrouiee 
ycsIOBHe yCTOHYHBOC TH: 
dp _ yp am 
dU U oa 


Otctona cileayeT, 4TO YCTOMYHBLIMH ABIIAIOTCA He 
TObKO TaKHe COCTOAHHA Ma3Mbl, KOra MaBsienue 
yObipaet c U [16], Ho u COCTOAHUA, B KOTOPbIX MaBsJe- 
Hue BO3pactaeT c U, HO He CAMUIKOM OpicTpo [17]. 
3TO yCHOBHe BIONHeE aHaJIOrM4YHO YCOBHIO KOHBCK- 
UMOHHOH ycTOM4HBOCTH C#KHMaeMOrO Ta3a B Nose 
TAXKECTH. 

Jia noua mpamoro Toka, rae U yObipaet Kak —r* 
pH yaseHHH OT NpOBOAHHKa, yCOBHe yCTOHYHBOCTH 
IpHHHMaeT BHI: 

| are (3.5) 


dr r 


Orctoma culenyeT, 4TO Np xopoweh TenonpoBor- 
HOCTH, KOra MOXKHO C4HTaTb y= 1, 11a3Ma HH3KOrO 
WaBeHHA YCTOHYMBA, eCIM ee MaBseHHe CnaaeT NpH 
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yHasIe¢HHH OT MpOBOJHHKa He ObicTpee, 4eM Ir”. 


TYPBYJIEHTHAA KOHBEKLIWVA TJIA3MbI 


3.3. CTABVJIMV3UPYIOWEE JEMACTBUE NPOBOJAWIUX 
TOPLIOB 


Bonpoc © KOHBEKTHBHOM HeyCTOH4HBOCTH M1a3MbI 
HanOosee HHTepeceH C TOYKH 3peHHA yAepxKaHHs 
njla3Mbl B JIOBYLUKe C MarHHTHbIMH NMpoOkamMu (cM. 
puce. 3). B Tako NoByuike ropa4asa n1a3Ma 3aHHMael 
JMUb UeHTpasibHylO YacTb OObeMa H He CONpHKa- 
caetca c TopuamMu C. Jia Takoro pacnpenenenna 
nla3Mbl BCe paccyx*KJCHHA O pa3eJIeHHH 3apAOB Hu 
BbITaJIKABaHHH TpyOOK B CTOpOHYy ocsaOneHHA Mar- 
HHTHOTO TMOJA COXpaHAHOT cBOHW) cHuIy. (Cyrenyel 
OTMeTHTb, 4TO MPH aHH30TPONHOM pacriipezeneHHu 
HOHOB 110 CKOPOCTAM MOXeCT OKa3aTbCA, YTO OCHOB- 
Had 4acTb Ma3MbI OyeT pacnosoxeHa BOH3K Npo- 
Ook (3epKasl). Takoe pacnpenesenne, Kak NokKa3aHO 
Po3eH6Os10TOM Hu JIOHrMaiipom [16], MoxeT ObITb 
yYCTOH4MBbIM). 





Puc.3 Jlopywika ¢c MarHHTHbIMH mpobkamH. 

CutyauuMa CyllecTBeHHO W3MeHseTCA, eC mpo- 
CTpaHCcTBO Mexly ropa4eH M1a3MOH WH TOpuamMH C 
3aNOJIHCHO XOJOAHOK M1a3MOH, T.e. OCyYLIeECTBJIAeTCA 
QIEKTPHY4eCKHH KOHTaKT C TOpuaMH. IIpu 9TOM NOsB- 
JA€TCA BO3MOXHOCTb KOMIMCHCaLHH 3JIEKTPH4eCKHX 
3apANOB, BO3HHKaWOWIHX 3a CY4eT OTHOCHTeJIbHOrO 
mpelida 3IeKTpOHOB HM HOHOB, HM KOHBECKTHBHBIC BO3- 
MYLUCHHA B BH e NepecTaHOBOK LesIbIX TpyGOK MoryT 
OKa3aTbcd 3alpeuleHHbIMH [18, 19]. 

OauHako axe Np HileasIbHOM 3J1IeKTPpH4eCKOM KOH- 
TaktTe m1a3Ma C MOCTaTOYHO GONbUIMM aBJICHHeM 
MoOxeT ObITb HeyCTOM4YHBa MO OTHOLICHHIO K BO3- 
MYLUICHHAM, COOTBETCTBYIOLUIHM fepecTaHOBKe CH- 
JOBbIX TpyOOK ¢ 3aKpenJIeHHbIMH KOHUAMH, KOTOpbIe 
C4HTAHOTCA BMOPOXCHHbIMH B MeTaJUI. Tak Kak nmpH 
9TOM rot E + 0, TO cCHOBbIe JMHHK MarHuTHOrO NOsA 
HCKPHBJIAOTCA (OHH YBJIeKalOTCA BMeCTe C TpyOKaMh). 
3a cueT BO3MYLUCHHA MarHHTHOrO MOJIA BOSHHKaecT 
HeKOTOpad BO3BPalllalOulad CHa, MpHBOAAUIAaA K 
QONOAHMTeIbHOK cTaOwsM3auMH mia3Mbl. Mycr, L 
ecTb JJIMHa JOByuIKH, a § — cmeuleHHe TpyOKu no 
paauycy. A3meHeHve MarHuTHOrO Nossa 3a C4eT H3rHOa 
CHJIOBBIX JIMHHH MpHOnMxKeHHO paBHO H' x (xH/L) £, 
Tak 4TO W3MeHeHHe 3HeEprHH MarHHTHOrO NOMA 
Wh’ = V (xH?/8 L*) &, rae V—o6bem tpy6xu. Cpas- 
HHBad ITO BbIPaxenHe C paboToii 

W,’ = Ty e(*, f+ \ es, 
COBepLIaeMOK Na3MOli Np ee CMeLLICHHH, MbI NosTy- 
4HM CIICMYHOULee YCIOBHeE YCTOMYHBOCTH: 


« H* 


vp-vU vU\ 
. p(7-) + az (3.6) 


v ; U 
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b. Bb. KAJIOMLIEB 


3necb BTOpoe CylaraeMoe Kak pa3 H Y4HTbIBaeT 
cTaOunM3upyroulee =eHCTBHe MpOBOAALIMX TOPLLOB 
[19, 20]. 

IlpupogHoi sOBywKOH Takoro THMa sABIAeTCA 
MarHHTHOe MOse 3eMJIM, NOCKOJIbKy MIOTHYHO Mpo- 
BOJALLYKO HOHOCHepy C XOPpOLeH TOYHOCTbIO MOXHO 
C4YHMTATb TBEPAbIM HeasIbHbIM MPpOBOJHHKOM. Tak 
KaK Moule QMNMONA ChafaeT Cc paauycoM kak r~*, TO 


ycoBMe yCTOMYHBOCTH la3Mbl B Moscax Ban- 
AsuieHa TIpHHHMaeT BHI: 
dp a H? - 
—= <4ynr+ 3 3. 
. dr YP“ 8x (3-4) 
rae @ — Y4XCNeHHbIM MHOXKUTeIb NOpALAKa €AMHULbI, 
r paavyc B 9KBATOPHaJIbHOM MJIOCKOCTH. 


3.4. JOOEKT MEPEKPEWIEHHOCTU CHJIOBbIX 
JIMHUN 


AvasOrM4unblit cTaOMM3Hpyroulnih axdpiekT HMeeT 
MecTO B MOJIAX C «MepeKpeleHHbIMH» CHJIOBbIMH 
JIMHHAMM. B kKa4ecTBe mpocteiuero mpHMepa MbI 
PaCCMOTpUM 3/eCb KOHBCKTHBHYHO HeyCTOMYMBOCTb 
NIpaAMOTO WWJIMHApPH4ecKOro LUIHypa C paciipe eJIeHHbIM 
IIPOAOJIbHbIM TOKOM. [Ip HanH4YHH NpoAOJbHOrO 
MarHuTHOrO nossa Hz CHNOBbIe JIMHHH B TOKOBOM 
UIHype ABJIAIOTCA BHHTOBBIMM C wWiarom /=27/y, 
roe “w= Ho/rH:z, He — a3MMyTasibHoe MarHuTHoe 
none. Tlockonbky CHJIOBbIC JIMHHM ABJIAIOTCA BbINYK- 
JIbIMM, TO OTHebHaA TpyOKa c ma3Mol CTpeMuTCA 
«BbIPBaTbCA» Hapyxy. Ilo anasoruu c (3.1) MOxHO 
CKa3aTb, 4TO Ha Hee eCTByeT BbITaJIKMBalOUlad 
cuna 2p/R, roe R=rH*/Ho? — paauyc KpHBH3HbI 
CHIOBOH JIMHHH. CyleqOBaTebHO, eCcJIM HeKOTOpas 
TpyOka c nua3Moi AaBsieHua p(r) CMecTHTCA NO pa- 
auycy Ha paccrosHue &, BbITOJIKHYB Ip 9TOM I1a3My 
c MaBseHuem p (r+ &), TO Ha eqHHHLy OObeMa 111a3- 
MeHHOH TpyOKH GyneT coBepuieHa pa6ota W,’ 

— (1/R) (dp/dr) &. Ecnw mar mMensetca c paany- 
COM, TO CMelleHHe AJIMHHOM TpyOKH moO pasMycy 
NpWBOAHT K 3HAYHTeCJIbBHOMY HCKaxKCHHHO CHJIOBbIX 
JIMHMH, KW MOITOMY OHO 9HEpPreTH4eCKH HEBbITOHO. 
HanGOosee BbITONHbIM ABJIACTCA TaKOe BO3MYLIEHHE, 
korga CMelileHHad TpyOKa BCHOAY pacnoylaraeTca no 
BO3MOXKHOCTH OysIMwKe K HEBO3MYLICHHbIM CHJIOBbIM 
JIMHHWAM. Takoe cMelleHHe MMeeT OrpaHieHHytO 
mmuy L UW OHO NpHBOAHT K BO3MYLUCHHIO 9HeEprHu 





Puc.4 WUckpusnenve tpyOxu c nia3mMou BCNenCTBHe KOHBeK- 
THBHOK HeyCTOHYMBOCTH. 
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ada 


MarHHTHOrO MOA Ha eAHHHUy OObema ~H”/8z 
~ (x H?/8 L*) &. Orcrona nonyyaem ycuiosue yctoii- 
4HBOCTH 

2 dp 2m 


R dr 412 8) 


OTuIMYarolleeca OT (3.6) JHLIb BHJOM JIeBO YacTH KH 
OTCYTCTBHeM fepBoro Caraemoro B NpaBoii YacTu, 
NOCKOJIbKY B JaHHOM CJly¥ae 3a CY4eT MepeTeKanus 
nyla3Mbl BLOJIb CHJIOBbIX JIMHHH CMelleHHe BCerga 
MOXHO BbIOpaTb HeCKHMAaeMbIM. 

41061 Haiitu L, pasBepHem Be O1M3KHe MarHHuTHbie 
MOBepXxHOCTH G H F Ha MJIOCKOCTb, HECKOJIBKO pacTAHyB 
OJHY M3 HHX NO a3HMyTy, 4YTOObI OHM HaJIOX*K MINCE 
OHa Ha Apyryto (cm. puc. 4). Ecnu war / Meusetca c 
PpalMycoM, TO CHJIOBbIC JIMHHH Ha pa3HbIx MIOCKOCTAX 
B TIpOCKUMH MepeKpellMBaloTCA, T.e. COCTABJIAIOT 
Mex y Cobo HeKOTOpbIii yrom 0%, KOTOPbIii MOXHO 
HaiiTH, Au@depenunpyA cooTHOMeHHe tgx=//2 xr 

H-| Ho, T.e. 0x—=(6l/2zr) cos? «==(Ho Hz/H?) (61/1) 

— (Ho Hz/H*)(u'/u) &, rae w=du/dr. Kak ue- 
TpyHHO BHeTb, CMelleHHad TpyOka ADB, Muuu- 
MaJIbHO MCKaxKalollad MarHHTHOe Moye, HMeeT BHI 
OHOTO BHTKa BHHTOBOM cnupanmn c warom L 

=27 &/da, oTkyfa HaxoquM L=27 H?/H2 ry’. 
MonctaBsiaa 39TO BbIpaxeHue B (3.8), HaiiaemM ycuOBHe 
KOHBCKTHBHOH yCTOMYMBOCTH WIHypa C pacnpenesen- 


HbIM TOKOM: 
' H-* ‘\2 
-Si p - - r("y. 


Mu 


(3.9) 


QTo ycnosue Obio nonyyeHo Caiinemom [21]. 
CrelyeT MMeTb B BUY, 4TO ycuoBHe Caiizema mpe- 
CTaBliaeT COOO Hub HeEOOXOAMMOe ycOBHe ycToii- 
4YMBOCTH, HM HMECeCT CMBICJI MOJb3O0BATbCA TOJIbKO [18 
MIaBHbIX pacnpewesteHHi NONA HW WaBsIeHHA M1a3MbI 
no paauycy. Tip Hanm4unnw pe3KHX M3MeHeHH aB- 
JIeHHA WIM MarHHTHOTO MOA C pawvycoM BBbINOI- 
HeHve ycnoBua Caiifema OKka3biBaeTCA MaJIeKO He 
WOCTaTOYHbIM WIA yCTOHMYMBOCTM Nna3Mbr [22—24]. 

IlepekpeuleHHOCTb CHJIOBbIX JIMHHi MOxeT OpbITb 
CO3aHa HM C NOMOLIbIO BHELIHHX OOMOTOK C TOKOM, 
MMeCHHO 9TOT NpPHHUMN CTAaOHIM3allHH Jex*KUT B OCHOBE 
yiepxaHuA mia3Mbl B CTesapatope [25, 26]. 


4. Konsekuua 11a3MbI HH3KOH NIOTHOCTH 


Ilepeiigqem Tellepb K paCCMOTpeHHIO KOHBCKLMH, 
BOSHHKaloOlleH BCIeCTBHe HeycToM4nBocTH. OnsaTb 
B Ka4eCTBe OTMpaBHOFO MyHKTa CCTeCTBeCHHO BbIOpaTb 
TakHe YyCJIOBHA, KOa KOHBCKUHA TOJIbKO-TOJIbKO 
HauMHaetca. Takada CHTyallMa MMeeT MecTO J1H60 B 
cyly4ae Ca60 MOHH30BaHHOH M1a3MbI, KOr a HeycToii- 
4HBOCTb BO3HHKaeT Mp yBeHYeHHH MarHuTHOrO 
MOJIA BbILIe HEKOTOpOrO KPHTHYeCKOrO 3Ha4eHHA, 
uH60 B pa3pexeHHOH mla3Me, roe nmapamMeTpom, 
ONpeeAIOWIMM MepexO K KOHBCKIMH, sABJIACTCA 
NJIOTHOCTh 3aPA%KCHHBIX YaCTHU. Mbi orpaHH4ynMca 
31€Cb JIMUIb BIOPbIM CJLY4aeM, KOTOPbIii MOXKET HMCTb 
MeCTO B JIOBylUKaX THNa Orpa, 3anOHAeCMBIX 111a3MOil 
nyTeéM MHXKeEKUMM Nyika OpbicTpbix HoOHOB [27, 28]. 

Jia MpoOcTOTbLI AONYCTHM, 4TO IICKTPOHbI XOJIOL- 
Hbie, T.€. HX TeMMepaTypa MHOTO MeHbulle cpeHeii 
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jHeprHu HOHOB. Tora CKOpOcTb 31eKTPpOHOB MonepeK 
MarHUTHOFO MOJIA CBOAMTCA TOKO K WIEKTPHYeCKOMY 
apelipy, M ypaBHeHHe HelpepbIBHOCTHM IIA UX MIOT- 
HOCTH Me HMeeT BHI 
C ile c 

a +t al 
re ¢ noTeHuvasl 3eKTpwHyeckoro nossa. Mobi 
BOCIOJIb30BaINCh 3/[eCb WMJIMHIpHieckoli CHCTeMOi 
KOOPAMHAT, Npeawnouarad, YTO UCKPHBJICHHe CHIOBbIX 
MHHH DOCTATOYHO MaJiO, HW Cle qOBaTebHO, H ~ const. 

B ypaBHeHHH HeMpepbiBHOCTH JIA HOHOB CJleyeT 
yueCTb MarHHTHbI Apel) 3a C4eT BbINYKJIOCTH CHJI0- 
BbIX JIMHHH: 

C nj on 
ét 0 56 

re y= 7/MaR Qu yrlOBadA CKOPOCTb MarHut- 
Horo Apelida, R=aR,/r paauyc KpHBH3HbI CHJIOBbIX 
munui, Ry — paawyc KpHBH3HbI nepudepuinoi 
cHIOBOH JIMHHMM (CM. pc. 3), a — paauyc Kamepbi, 
Qu=—eH|/Mc. Uto kacaetca peiitha HOHOB 3a C4eT 
CHJIbl MHEPUMH, TO B cay4ae 22,2< 24°, KOTOpbIM MBI 
orpaHH4HMcaA B 3TOM Taparpadbe, HM MOXKHO Iipe- 
HeOpeub. 

K ypaspHenuam (4.1), (4.2) cnenyeT no6aBuTb eLle 
ypaBHeHHe JIA 3IeKTpHM4eCKOrO NOJA 


Ag = —4 re (nj (4.3) 


Mpeanon0%xuM, 4TO JOBYLUIKa HaCTOJIbKO JJIMHHAS, 
YO 3ABHCMMOCTbIO BeJIM4HH , ~ OT Z MOXHO Iipe- 
HeOpe4b. B paBHOBeECHOM COCTOSAHHH Me = Neo, Ni=Nio, 
Y=, TIpH4em 


~ ae (re) 


IIpeanojarasd, 4TO BO3SMYLICHHe MIOTHOCTH H T0- 
TeHUMasIa A3MeHAeTCA MO 3aKOHYy exp (— iws-+ im 9), 
MbI NOJY4YH4M M3 ypaBHeHHii (4.1)—(4.3) OmHO ypaB- 
HeHHe (JIA BO3MYLUCHHA MOTeCHUMala _’ : 


Vo, Vnelz = 0, (4.1) 


c - ’ 
H [Ve. Vnijz = 0, (4.2) 


— Ne). 


-47e (nig (4.4) 


Neo). 


Aq’ 
4-e* { m d neo m ys , 
MQurlo+mopr dr oO+Mo+mopr dr ,? 
(4.5) 
rae = we=we(r)= — (c/r H) (dq@,/dr) yroBaa 


CKOPOCTb 3/1IeKTpH4ecKOrO pela. 

PaccMoTpuM mpocteiiumi cny4aii, Kora B paBHo- 
BECHOM COCTOSAHHM MJIOTHOCTH 3JICKTPOHOB PaBHbl H 
pacnpegeseHbI mo napaOonM4uecKOMy 3aKOHy io 
=Nneo= N [1 — (r?/a*)], go =0. Tora peuienue ypas- 
HeHua (4.5) uMeeT Bu cbyHKuUMH Beccens, a 4actota 
koneO6aHHi paBHa 


/ Wy" 2 1247 Wo . 
oO = —=—mow,+m —  . (4.6 
2 ” | 4 22H %mn* 
re &mn — M-blii KOpeHb cbyHkuMM Beccesa Jm. 


Otctoda BHHO, 4TO HeyCTOHYHBOCTb BO3HHKacT 
TObKO NpH DocTaTouHoO Gonbuioi NAOTHOCTH, Kora 
NOAKOpeHHoe BbIpaxeHHe B (4.6) CTaHOBHTCA OTpH- 
WaTesbHbIM. I1pH 3TOM HeyCTOHYHBOCTb BO3HHKaeT 
CHa4asia Ha BO3MYLICHHH C MaKCHMaJibHO monepey- 
HOH JJIMHOH BOJHBI, T.e. mph m=1. YcnoBue BO3HHK- 
HOBCHHA KOHBCKIMH, TaKHM OOpa30M, NpHOHKeHHO 
MOXHO 3alHCcaTb B BU Jle ra*><a Ro, YTO BIOTHE COOT- 


TYPBYJIEHTHAA KOHBEKLIVSA TJIA3MbI 


BeTcTByeT ycnoBHto (3.2). AHanorH4Hbiii BA HMeeT 
9TO YCJIOBHEe M WIA APyrux pacnpezeneHHi MIOTHOCTH 
no (r). B YacTHOCTH, CCIM My KPyTO ClamaeT Ha pac- 
CTOAHHH O OT CTCHKH, TO YCNOBHe BO3HHKHOBCHHA 
KOHBCKLHH HMeeCT BHI: 


ra< Ryd. 


B peasibHbIX YCJIOBHAX JIOBYWIKK C MHKeKUMe 
nyika HOHOB KapTHHa pa3BuTHA KOsIeOaHHi MOxeT 
ObITb 3HAYHTCJIbHO CO%KHee, MOCKONbKY CMeLICHHe 
HMOHHOTO OOJIaka OT OCH CHMMCTPHH MOXeT CHJIBHO 
NOBJIMATb Ha BPCMA KH3HH HOHOB MO OTHOLMICHHKHO K 
BO3BpaTy Ha HMHxXeKTOp. [lo 93To NpH4unHe axe 
HeOOJIbLIOe IKCLIEHTPH4HOe CMeLeHHe OOIaKa MOXeT 
CYLUCCTBCHHO M3MCHHTb MJIOTHOCTh HOHOB, MH 9TOT 
xpdekT MOXeT MpHBeCTH K YCHJICHHIO MaJIbIX KOJIe- 
Oannii. 

Ilpu He o4eHb GoubWOK NIOTHOCTH HOHOB MOXKHO 
OXKU1aTb, 4TO 3a C4ET Pa3JIM4HbIX HEJIMHeHHbIX 3pdek- 
TOB B JIOBYLUKe yCTaHOBATCA KOIeOaHHA C KOHeYHOH 
aMIInTyioH. BenuunHoi, HanOosIee YyBCTBHTesIbHOI 
K amMmiuTyfe KoneOaHHii, ABIAeTCA, MO-BAAMMOMY, 
IJIOTHOCTb 3JICKTPOHOB, NOCKOJIbKy BpemMa OOpa30- 
BaHHA BICKTPOHHOrO OOJIaka 3a C4eT HOHHM3aLIMH 
OCTaTOYHOLO [a3a Np XOPOLIeM BakyyMe 3Ha4HTeJIbHO 
MpeBOCXOAMT BpeMA HakOIieHHA HOHOB. C zpyroii 
CTOPOHbI, MH CaMa HeyCTOHYHBOCTb OKa3bIBaeTCA O4CHb 
4YYBCTBUTCJIBHOH K MJIOTHOCTH 3JICKTPOHOB (MIpH Neo = 0, 
Hanlpumep, OHa BOOOUIe OTCYTCTBYyeT). 

UrToObl BbIACHHTh 3pdekT, K KOTOPOMY NIpHBOAHT 
OTCYTCTBye KOMMCHCallMH MpOCcTpaHcTBeHHOro 3apa a, 
o6paTHMca K paccMOTpeHHOMy B 3.1 jBHxKeHHIO 
OTAebHOK TpyOKH c naa3MoH. pu me—ni HW ra<ar 
Takada TpyOka ¢ yCKOpeHHeM JBMKeTCA TOYHO 0 
paguycy. Ecnu neni, TO TpyOxa oOnamaeT HeKOTO- 
PbIM 3apA0M, MH NIpH JBMKeHHH MONnepekK MarHuTHOrO 
nosIA CO CKOpOCTbIO V Ha Hee OyzeT AeiicTBOBaTL 
cua Jlopenua (e/c) (ni— ne) [v, H]. Moa neiicrauem 
9TOH CHJIbI ee JBHXKeHHe CTaHeT KPHBOJIMHeMHbIM, 
Tak 4TO ee TpaeKTOpHA MpespaTHtTca B LWHKIONAY. 


Ecau 
ni—Ne o \ 2Q,? 
; 3 
n r ¥ Q,*+ 2H 


TO BbICOTa ITOH WMKIONAbI MeHbule r, HM TpyOka HH- 
Kora He MomasweT Ha CTeHKy: B CpeaHeM Ona OyzeT 
ApeiioBaTb BAOJb OCH Z, TaK 4TO Np 3TOM CHa 
JlopeHiia B TOYHOCTH KOMMeHCHpyeT AHaMarHuTHoe 
BbITaJIKMBaHHe. 

AHasIOrM4Hbii 3pdekT HMeeT MeCTO M MPH MaJibix 
kose6aHHAX HEOAHOPOAHOH Mia3Mbl: Np CMeLIeCHHH 
3apAKEHHBIX TpyOOK Nonmepek MarHHTHOrO MONA Ha 
HHX JelicTByeT cua Jlopenua, KOTOpad BO3Bpallaet 
MX B HCXOAHOe COCTOAHHe. Ka4ecTBeHHO 3TOT 3¢pPpekt 
MOXHO BLIACHHTb Ha MpHMepe napaOosMyeckoro 
pacnpeaeseHua nioTHOCcTH. Ecnw npHOnwxKeHHO C4H- 
Tatb we=const., TO H3 (4.5) HeTpyaHO nouy4HTb 
QMCHepCcHOHHOe ypaBHeHHe HW M3 Hero HaiTH MJOT- 
HOCTb 3JICKTpOHOB, TIpH KOTOpOH KOHBeCKTHBHAaA 
HeyCTOHYHBOCTb OTCyTCTByeT. OHa omnpeyessaetca 
COOTHOLUCHHEM 


(4.7) 


Ned 
: l+s+ 2Vs 


(4.8) 
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b. b. KAJLOMLLEB 


rie 8 = @p2Hom?/2 2,7. Npu s<1 970 yenosue 
MOKHO NpHOsMwKeHHO 3anncaTb B Bue An/n 
~ (ra/A) (a/Ro)"?, roe A=a/amn JIMHa BOJIHbI 


BO3MYLICHHA (HaNOMHHMM, 4TO £2)? < 24"). 

OtTctOa BUAHO, 4YTO ake Np AOBOJIbHO GombWOi 
MJIOTHOCTH MOHOB CpaBHHTeJIbHO HeOOJIbUIOe Hapy- 
liecHHe KBa3HHeTpasIbHOCTH MOXxKeT TIpHBeCTH K 
3HAYHTEJIBHOMY CHHXKCHHIO HHKpeMeHTa HapacTaHHa 
KOHBCKTHBHbIX BO3MYLUCHHi*. [loyTOMy MO2KHO OXKH- 
laTb, 4TO B LWKPOKOM Mana30He M3MeCHeCHHA IMJIOT- 
HOCTH MOHOB 111a3Ma B JIOBYLUKe CO CTallMOHapHoi 
MH xKeKUKel SGyneT COBepuiaTb KOeOaHHA C KOHeYHON 
HM, BO3MO%KHO, He O4eHb OoNbWOK aMMIMTyON. 
OHako TeopeTH4eckoe OnpedeseHHe ITOK AMIMMJIMTY Jbl 
npesctaBiseT GobuiMe TpyAHOCTH, MOCKOJIbKy UIA 
9Toro Tpe6yeTca DeTasbHbiii aHasM3 OOpa3z0BaHHsA H 
yxOa H3 JOBYLIKM XOJOMHOH M11a3MbI. 

3amMeTHM elle, 4YTO BCHOY BbILIe MbIl Y4HTbIBAJIN 
rOJIbKO MarHuTHbId Apeid. Mpu Hannu padasip- 
HOrO 3JIEKTpHY4eCKOFO NOMA 3a CYT BpallleHHA MOAB- 
siseTcaA WeHTpoOexHaA CHJIa, KOTOpad TakxKe MOXET 
nmpuBectu kK HeycToiunsoctu. pu 2,°?< 21? 9101 
axpibeKT MOXHO y4eCTb MpOCcTbIM 1OOaBJICHHEM K Mo 
pela MOHOB OTHOCHTeJIbBHO IICKTPOHOB 3a C4eT 
WleHTpOOexXHOH CHIIbI. 


5. TypOysienTHad KOHBeCKUHA 11a3MbI B JIOBylIKe C 
MarHuTHbIMH HpoOKamu [29] 


Econ 224/Q2,?< Ry (T/M)'", To HeycTrow4uMBocTb 
MOXeT BO3HHKHYTb Ha BO3MYLICHHH C JIKOObIM Mac- 
uiTa6OM, B 4YaCTHOCTH, C MHHHMaJIbHO BO3MO2%KHbIM, 
nopaaka cpeaHeroO JlapMOpoBCKOrO palHyca MOHOB 
o=(T/M2z*)'?. B 9TOM Ciy4ae KOHBeKUMA KBa3H- 
HeliTpabHO nla3Mbl NpHHHMaeT TypOyJIeHTHbIii 
XapaktTep. 

DKCNepHMeHTaJIbHO TypOyJIeHTHaA yTe4Ka 4aCTHL 
M3 JIOBYLUKH C MarHHTHbIMH NpoGkamnu Opbiia H3y4eHa 
B paGote Vode, Co6onesa, Tenbkoscxoro, KOuma- 
Hosa [30, 31]. B ux ycraHoBKe ropsa4aa mla3mMa C 
9Heprvei HOHOB ~ 1! K9B MH MIOTHOCTbIO ~10° cm * 
CO3aBaslaCb MlyT€M YCKOpeHHA HOHOB B paHaJIbHOM 
QICKTPHYeCKOM TOJIe, KOTOPOe HMMILyJIbCHO TIpHKJia- 
JIbIBAJIOCb MCKAY CTCHKAaMH KaMepbl MH XOJIOAHbIM 
11Jla3MCHHbIM LUHYPOM, PaCNOJIOXKeHHbIM BAOJIb OCH 
cucTeMbI. Kak nNOKa3bIBaeT IKCIeCpHMeHT, Mocse MpH- 
JIOKEHHA BbICOKOTO HalNpsKeCHHA JIOBYLUIKa 3anodi- 
HAeTCA ropa4ei mia3Moi B TeYeHHe 10—20 MKceK. 
MoxHO JlyMaTb, 4TO 3aNMOJHeHHe MpOHCXOAMT 3a 
cyeT WeHTpoGexHOM HeyCTOMYHBOCTH M1a3MeHHOrO 
WIHypa, Bpallarouleroca B CKPeLleHHbIX 3IeKTpH4e- 
CKOM HM MarHHTHOM MOJIAX: Bpallartoulasca mm1a3Ma 
«pa3Opbi3rMBaeTcA» K NepHcbepun, H OJHOBPeMeHHO 
HOHbI HaOHpaloT IHEP. 

Tocne OTKIIOYeHHA BbICOKOTO HanpsaxKeHHA ObIC- 
rpoe BpalleHve Mmia3Mbl NpekpaulaeTcsa, MH HacTymaet 


* B nenaspHei paGote Po3zex6ntora, Kpana u Poctokepa 
61 6bino noKa3aHo, ¥YTO NOnOGHOTO pona cTaGunM3upyroulMii 
xpdekT MHMeeT MECTO H B KBa3HHelTpasbHOK MW1a3Me 3a C4eT 
KOHeEYHOCTH JIapMOpoBCcKOorO paavyca MOHOB (NpvM. npH 
KOppekType). 


294 


Oosee CHOKOHAA CTAaQHA ABYKCHHA JWMaMarHuTHoli 
jla3Mbl B MarHHTHOM MOJie, CNadatOuleM B paHMadib- 
HOM HalipaBJieHHv. XapakTepHoe BpeMs 9TOTO JBH- 
%KCHHA 3HAYHTeIbHO OobUIe, 4eM BpPeMA MpoOsieta 
4YacTHL Mex Uy MmpoOkaMu, NOITOMY BAOb CHIOBbIX 
JIMHWH yCieBaeT yCTaHOBHTbCA CTallMOHapHoe pac- 
Tipe weseHHe WICEKTPOHOB HM HOHOB. 

Tak Kak 9JICKTpOHbI B Tako Ma3Me OCTalwrTca 
CpaBHHMTeJIbHO XOJONHBIMH (HX 9HeprHa ~ 10 9p), 
TO TeMMepaTypy 3ICKTPOHOB MOXHO C4MTaTb paBHoii 
HyJIKO, H TOFMa H3 YCOBUA PaBHOBeCHA IIEKTPOHOB 
cleqyeT, 4TO NMOTEHUMA ~ BAONb KaxkLOH Tpy6kn c 
na3MOH 1OJKeH ObITb NOCTOAHHbIM. [1px 9TOM BesH- 
4HHa ~ He MOxeT ObiTb Npon3BObHOH. C oOAHOii 
CTOPOHbl, MOTeHUMa He MOxeT ObITbh OTPHLaTesb- 
HbIM, TaK KaK B IIpOTHBHOM CyJIy4ae H30bITOUHBIE 
QICKTPOHbI HEMeWICHHO OyAyT BbITOJIKHYTbI Ha TOp- 
bl, HaxOAUIMecA MOM HYJICBbIM MOTeHUMasIOM. C 
pyro CTOPOHbI, WH NMOMOXKUTCAbHbIN NOTeHUMAa He 
MOxeT ObITb O4CHb OONbUIMM, MHade M3 TpyOKH 
Ha4HYyT BbIXOJMTb HOHbI. [locKoJbKy HOHBI, MCIbITBI- 
BalOllne OTpaxenve OT Mpobok BOH3K KOHUOB A 
u B tpyOku c naa3moit (cM. puc. 3), yepxuBaroTca 
OT BbIOpoca Ha TOPLbI 3a CYeT HapacTaHHaA MarHuT- 
HOrO NOsA OT BeHYMHbI Hs Ha KpatO TpyOKH DO ero 
MaKCHMaJIbHOTO 3HavecHHA Hm, TO BbITeKaHHe ITHX 
HOHOB Ha4HeTCA pH MoTeHuMane nopsgKa (T/e) 
[(Hm/Hs) — 1], rae T — «Temnepatypa» MoHos, T.e. 
ape TpeTH HX cpenHei 9HeprHH. Takum oGpa3om, 
~ W3MeHACTCA B Mpewesax 


T (Hm 1) 


0 g | H. 


(5.1) 

Tak Kak B CTaqHH yCKOpeHHA MpovcxoaAT 3Ha4H- 
reJIbHbIe KOJIeGaHHA WieKTpHYeCKOrO MOA, TO B CO3- 
aBaeMOii TAKHM OOpa30M M1a3Me He MOTyT OCTaTbCA 
HOHbI, MCIbITbIBAIOLUIMe OTpaxkeHHe O4eHb ON3KO OT 
NOBEPXHOCTH MaKCHMaJibHoro noma Hm. Jipyrumu 
CJIOBaMH, B paCCMaTPHBaeMOM HaMu Ciiyyae H,+ Hm, 
M CI€HOBATCIbHO, HHYTO He NpenATCTByeT pa3sBUTHHWO 
KOHBeKLIHH. 

BenenctBHe HeycTroiunBoctu sm06aa TpyOKa c 
Oosee NIOTHOK NIa3MoH GSyeT BbITaIKMBaTBCA Ha 
OokoBble cTeHKH. IIpx conpukocHoBeHun Tpy6KH co 
CTeHKOH H3 Hee HaYHyT BbIXOQHTb HW NOrsowlatEca 
CTCHKOM HOHbI, HAXOJALIMeCA Ha paccTOAHHM NopsaKa 
cpeaHero JIapMopoBcKoro paguyca o. BcseacTBue 
noTepH MOHOB MOTeCHUMa i1a3Mbl BONW3H CTeCHKH 
ynaneT 4O HyJIA, a H3ObITOYHbIe WICKTPOHbI MO CHJIO- 
BbIM JIMHHAM OyJyT yXOQMTb Ha TOpubI. B pesybTate, 
BeCb MPHCTeCHOYHbIN CAO TONUMHbI 0 Gy eT MMeTb Hy- 
Je BOK NOTEHUMAL, M Ce OBaTeIbHO, HOPMasIbHasd KOM- 
NOHCHTa WIeKTpH4ecKOrO peta v, = c [H, V ¢y),/H? 
BO BC€M IIPHCTCHOYHOM CyIOe TONWIMHON o G6yzeT 
paBHa Hy. ITO O3HaYaeT, 4TO Ma3Ma He MOxXeT 
cpa3y mornOHyTb Ha CTeHKe: OHa pactekaeTcs 
NO CTeHKe NOROGHO OGbINHOM *XHAKOCTH, HM JHUIb 10 
Mepe MlOTepb YaCTHLL Ha CTeHKe OTAebHbIe TpyOKH 
OyHyT BbITaJIKHBaTbCA BHYTPb JIOBYLIKH, ycTynas 
cBoe MecTO TpyOkam c Gonee nOTHOHM naa3moii. 

B uesIOM, BCA KapTHHa nmpHoGpetaer xapaktep, 
aHaJIOrH4HbId TenOBOH KOHBeEKUHH B OOBIYHOI He- 





CK! 
cH 
rYI 
BOC 


+ 


= oO Ss 


ww = = 


HOW 
iJIb- 
IBH- 
leTa 
BbIX 
Dac- 


TCA 
3B), 
HOW 
HOB 
thc 
> JIM 
HOii 
2 JIb= 
Hble 
rop- 


| He 
OKu 
'TbI- 
BA 
TCA 
4HT- 
ero 
yTHX 
T/e) 
r.e. 
50M, 


5.1) 


aA4H- 
C03- 
PbCA 
) OT 
MMi 
Hm, 
rH 


i 
| Ha 
{ CO 
[bCA 
Ka 
rBHe 
HKU 
iJ10- 
aTe, 
» HY- 
‘OM- 
| H? 
(eT 
*KeT 
TCA 
» TO 
OKH 
mas 
10. 
Tep, 
He- 





CKUMa@CMOW XKHAKOCTH: POsIb KHAKOCTH 31eCb Hpalot 
cuIOBbIe TpyOKH MarHHTHOFO NOIA, a POJlb TemMepa- 
TYpbI aBsienve nia3Mbl. TlostomMy MbIl MOx*xKeM 
BOCIOJIb30BaTbCA aHaslorvei c 2.2 MU C4HTaTb, 4TO 
noTOK 4YaCTHIL Ha CTeCHKy OMpenesaeTcaA «conpoTH- 
BICHHeM» TIPHCTEHOYHOTO CON. 

Kak MH pu onvcaHHn OObIMHO KOHBeEKLMH, AMdpdpy- 
3HOHHBIM NOTOK Mla3Mbl Ha CTeHKY g MOXKHO Mpes- 
cTaBHuTb B Bue g=Dr(dn/dx), roe n cpe HAA 
NOTHOCTb, X — paccTosAHHe OT cTeHKH, Dr =<xv') 
koxppHUneHT TypOyneHTHOK AMpdy3un. Jia oueHkKH 
nyibCalMM CKOpOCTH v BOCHONb3yemMca dopmys0i 
(3.1), rae nom r= Rp» cnenyeT NOHHMaTb cpenHHii 
palMyC KPHBH3HbI OKOJIO CTeHKH, a non p’ — nybca- 
uMtO ~=aBsIeHHA, paBHylo 7n’. Kpome toro, m4 
MpOCTOTbI MbI 34MeCHHM 7 Ha ero CpewHee 3Ha4eHHe 
N, tax uto 2,2>=42e? N/M. Torga cornacuo (3.1) 
OyaeM HMeTb 


vp? mv'x ~[2,7/(Q.? + Qu*)] (n' Tx/M N R,). 
C apyroi croponpi, n’~x dn/dx 
nosly4aem: 


qx/Dr. Orcrona 


2," Tq \* 


Py me 
Dr=A R,MN 


° r3, (5.2) 

2)° + 2H° 

rae A YHCJICHHbIM MHOXUTCIb NOpAAKa CAMHHLbI. 
BOnM3H OT cTeHKH noTOoK g=Drdn/dx MoxHO 

CuHTaTb NOCTOAHHBIM. OTcloda HaxOHM pacmpere- 

neHWe MOTHOCTH BOH3H CTCHKH: 


1 


. 3° Q,? T ¢ ” - 
n N a i — J | (5.3) 
A xh 2,° + $247° Ry MN 
TMM pachpeneueHveM MOXHO  110J1b30BaTbCA 


TOJIbKO NP WOCTAaTOYHO GONbUINX X: Ha paccTOAHHH 
JaPMOPOBCKOrO paHyca @ OT CTCHKH OHO TepseT 
CMbICJI. ITO 3HAYHT, 4YTO NPH X= 0 CeMyeT NOCTABUTb 
rpaHH4Hoe ycoBHe. 

Ilyctb € eCCTb JONA Nia3Mbil, Tepseman TpyOKoii 
pH COMPHKOCHOBeEHHH CO CTeCHKOH, a Ns cpe HAA 
nioTHOcTb (5.3) npH xo. Nynbcauna naorHoctu 
n', CBA3AHHAA C TEM, YTO K CTCHKe NOAXOAAT HM 3aTeM 
yxO2aT OOpaTHO TpyOKH Cc Ma3MOii, ABIAeTCA BeJIN- 
4YHHOH MOpsaka ens/2. TloToK nmia3Mbl Ha CTeHKy q 
NO NMOpAAKy BeIM4YMHbI paBeH nv’, rae v'~Dr/x 
NybCaluA CKOpOcTH. TakuM 06pa30M, mpHOsHxKeHHO 
MOXKHO HanHCaTb CJIeyHOulee TpaHH4Hoe ycJIOBHe: 


q=yen(—) 


(5.4) 


Uckatoyan H3 (5.3), (5.4) ns=n(x=0), HaxOMM 
CBA3b Mex LY g H N, a 3aTeM BpeMA X%KH3HH MJ1a3Mbl T: 


1 
R, M \2 


=a? N : is Q,3 
24? ? T 


anagq (9.0) 


3aBUCHMOCTb T OT £€ JOBOJIBHO CHJIbHas, HO K CO- 
*KaNeHHhO, TeOpeTH4eCKH BbIYHCIINTb BCJIMYHHY £ 
O4CHb TPyYAHO, NOCKOJIbKY OHA CBA3aHa C TaKHMH 
TpyHHO Y4YHTbIBaCMbIMH (bakTopamn, KaK HalipHMep, 


TYPBYJIEHTHAA KOHBEKLIMA TTA3MbI 


LLC pOXOBATOCTb CTCHKH, T.€. OTKJIOHCHHE MOBEPXHOCTH 
CTCHKH OT CHIOBbIX HHH. TlosTomMy MbI OylemM 
C4YMTaTb € KOHCTaHTOM nopsaka efHHHUbI. IIpu 
A=e=1/2 BbluncneHHoe no dbopmysie (5.5) Bpema 
%*KH3HH C TOYHOCTbIO 20 JBOMKH CorsacyeTca C 9KC- 
Ne€PHMeHTasIbHO H3MepeHHbIMH 3HaYeCHHAMH T ILIA 
pa3Hbix 7 u H. Onnako 9KCNepHMeHTaJIbHO H3Me- 
peHHasd 3aBHCHMOCTph T OT 7 HM H uMeeT ropa320 Gosiee 
pe3KO BbIpaxKeHHbIM XapakTep. DITO pacxoxJeEHHe 
nNOKa3bIBaeT, 4TO, MO-BHIHMOMY, He BCe HCIIOJIb30- 
BaHHble HAMM YIMPOWIeCHHA ABJIAIOTCA BIOJIHE ONpaB- 
aHHbIMH. (BO3MO%xHO, HanpHMep, 4TO BeJIM4HHAa ¢ 
YBeCJIM4MBaeTCA C YMCHbILICHHeM T, T.e€. C YCHJICHKeM 
MHTCHCHBHOCTH KOHBCKTHBHDbIX MyJIbCallnii). 

B noO1b3y paCCMOTpeHHOi 30eCb KapTHHbI Typ6y- 
J@HTHOH KOHBCKUHH CBHJIETCJIbCTBYIOT Takxe 30H- 
nosbie H3MepeHHsa [30]. Onn NOKa3bIBaloT, 4TO TOKH 
Ha CTCEHOYHbIe 3OHAbI XOPOLUO KOPpeJIMPOBaHbl BLOJIb 
CHJIOBBIX JIMHHH, T.e. 11a3Ma JeHCTBUTCJIbHO BbIXOJIM1 
Ha CTeHKy lebIMH TpyOKaMu. Kpome Toro, 9KcnepH- 
MCHTaJIbHO HM3MepeHHad 3aBMcHMocTb Tt OT N [31] 
XOpOWO corslacyeTCA 3aBHCHMOCTbIO , 


t~N-/*, Bpl- 
Tekarouei 43 (5.5) npu 274?< 2,?. 


6. Konpekuua 11a3MbI B M0.J1e fipaMoro TOKa 


Ilpu paccMOTpeHHH KOHBCKIIMH B JIOBYLUIKe MbI 
npeanosarasu, 4TO paavyc KPHBH3HbI CHJIOBbIX JIMHHH 
Ry MuHoro Gosbue paauyca KaMepbi. [lp 9TOM yc.10- 
BUM pacuinpeHHeM TpyOok ¢c Mla3MOH Np JBHKeHHH 
K nepHdepun npakTH4ecKH MOXHO ObiJio NpeneOperb. 
3eCb Mbl PaCCMOTPHM B HEKOTOPOM CMbICJie Apyroii 
NpeesbHbIM Cydia, KOra MaBJICHHe MJla3Mbl Cy- 
UIeCTBCHHO M3MeHACTCA NIPH JBHXKeEHHH TpyOoK m0- 
nepek MarHHTHOrO MOJIA. 

JlonycTuM, 4TO Ha NOBeEpXHOCTH WKJIMH Apa paauyca 
a, BHYTpH KOTOpOorO MpoTeKaeT TOK, CO3abOuIit 
a3MMyTaJibHoe MarHHTHOe nose H= Hya/r, nonnep- 
*KUBACTCA NOCTOAHHAA MJIOTHOCTh M11a3Mbl Ny. PeanbHo 
TakasA CHTyaulHa MOxeT ObITb OCyLIeCTBIIeHa, HanpH- 
Mep, IPH NMOMOULM TepMHYecKOH MOHH3aLlMH Napos 
le3HA Ha ITOH NOBeEpXHOCTH. Pagnyc MeTasIMYeCKOrO 
KOxKyxa, OOpa3yFOulerO BHCLIHIOW CTeHKy KaMepbi, 
0603Ha4uM Yepe3 b. J nnHy CHCTeMbI BJOJIb Z BbIGepem 
HacTONbKO Gonbwioi, YTOObI TOpLeBLIMH XPiPekTaMH 
MOXHO ObII0 NpeHeOperb. 

Mna3mMa, oOpa3yroulascd Ha MOBEPXHOCTH BHYTpeH- 
Hero WHJIMH pa, B CHJIy CBOero AMaMarHeTH3Ma OyzeT 
BbITaJIKUBaTbCA B HallpaBJICHHH K BHeLIHeH CTCHKe. 
Tak Kak Ha BHelJHeM MeTaJIM4eCKOH CTeHKe, pacrio- 
JOKeHHOH BOJIb CHJIOBbIX JIMHHH, HOPMaJibHas 
KOMMOHeHTa CKOpOCTH 2IeKTpH4eckoro sApeiida o6- 
paulaeTca B HYJIb, TO 11a3Ma He MOXET Ha Hei Cpasy 
nornHOHyTb, HW CeOBaTeNbHO, B TakOH JIOBYLUIKe 
BO3HHKHeET CpaBHHTeJIbHO MeCJVICHHO€ KOHBCKIIMOHHOC 
mpuxenve. [Ip moctaTouHO G6ObIIOM MarHHTHOM 
nose KOHBeKUMA GyneT HOCHTb TypOyJICHTHbIii Xapak- 
Tep, T.e. B nia3Me GyAyT pa3BHTbI NyAbCallMH CaMbIx 
pa3JIM4HbIX MacuiTa6os. EcrecTrBeHHO lyMaTb, 4TO 
HM B 9TOM CJly¥ae NOTOK nma3Mbl Ha cTeHky Oyze1 
NOJHOCTbIO ONpedesATBCA MpoweccaMH B MpHCTeHOou- 
HOM CJI0e€, B KOTOPOM JIBHXKeHHe M1a3MbI nmonepek 
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b. b. KAJIOMLIEB 


MarHHTHOTO NOJ1A 3ATOPMaxKHBaeTCcA 3a C4eT CTAOHKIIN- 
3HpylOluero eicTBHA NpoBOAAUIeH CTeHKH. 

Jina KONMYeCTBeHHOrO paccmoTpeHHaA Typ6yseHT- 
HOH KOHBCKUMH BOCIOJIb3yeMCA ONATb apryMeHTa- 
uve, aHasIOrHYHOH MpvBezeHHOH B 2.2. TloToK q 
CHOBa MOXHO OMpeleiuTb Kak g=(n'v’), roe n’, 
v’ — NyJIbcalMH MOTHOCTH M cCkKOpocTH. Kak x 
PaHbllle MyIbCalWkO CKOPOCTH MOXKHO HaiiTH NO TOU 
paOoTe, KoTOpaa coBepmiaeTca TpyOkoii npH JBM%Ke- 
HHH nonepeK MarHHTHOrO Noma: (v’)?~p’x/Mnr, 
rae x — paccTosHHe OT HapyxHeli CTeHKH. Ilynbcaunto 
aBJICHHA p’. T.e. TO H3ObITOK Ha Cpe HMM 3HayeHHeM, 
BOSHHKalOlUMH 3a CY4eT MepemMeluleHHa TpyOKH Ha 
pacctosHve A~x, B CHJIbHO H€OJHOPOAHOM MarHuT- 
HOM TlOJIl€ MOXHO TpeacTaBHTb B BHI: 

, dp , yp dU 
p'~ x(a a oo az} 


rae BTOpoe CiaraeMoe YYHTbIBACT YMCHbUIeCHHe aBse- 
HMA 3a C4¥eT alMaOaTHY4eCKOrO pacluMpeHHA Ma3MbI. 

B MarHuTHOM Mose npsmoro Toka U=— 27 r?/Hya, 
HW Bbipaxenne (6.1) mpHHHMaeT Bud p’ ~ x [(dp/dx) 

- (2y p/r)|. AnanormyHbim 0o6pa30M MOxHO mpen- 
CTaBHTb HM MysbcauMto moTHOCTH. TlockobKy B 
MarHUTHOM Tose KOXP puUKeHT HOHHO Tensonpo- 
BOJHOCTH HaMHOrO Oonbule KOIMPPuUMeHTa AMdpy- 
3HM, TO pa NpOCTOTbI MbI MpHOH%KeHHO NOJO%*KKAM 
y=, p’/n’=T=const. Torgza ana noToKa g nosy4unM: 


3 
= \ ‘i dn 2n\2 2 
— Mrn (“ op we 


rae A=const~1. 

Bianu OT CTeHKH BeMYHHON g/x* MOXxKHO mpeHe- 
Opeub, u H3 (6.2) NONyYaem N=Ny (a/r)*. T.e. pacnpe- 
neseHve MIOTHOCTH COOTBeTCTByeT HeiiTpasIbHOMY 
COCTOAHHIO MCXy YCTOHYHBbIM HM HeyCTOMYMBbIM 
[cm. (3.5)]. Hao6opot, B62“3u CTeHKH MOXHO Mpexe- 
Opewb BenH4YHHOM 2n/r no cpaBHeHHtO c dn/dx 4, 
KPpOMe TOFO, MOXKHO CYHTaTb g=const., r= const. =h. 
B 9ToM npwOsMxKeHun H3 (6.2) nomy4aem: 


(6.1) 


(6.2) 


4 1 
arm ne (2)? _ 29°? (e\* 
tl A > * 


Takum o6pa3oM, nosHoe pacnpezeseHne MJIOTHOCTH 
NO pasWyCy MOXKHO alllpOKCHMHpOBaTb BbIPaxkeHHeM 
a 


1 
: 2/a\ 2/3 (/Mb\3 _1 ” 
3=—_ 3 om 4 : < 
Nn? = Np ‘) ‘A . zg 3 (6.3) 


[Ip O4eHb MaJIbIX xX 39TO pacnpeneneHue Tepset 
CMBICJI, NOCKOJIbKy MpH ero BbIBOe He ObliIa y4uTeHa 
o6biuHad auddy3ua. Mpu yyete o6biHo audpy3un 
pacnpeyeseHve NJIOTHOCTH NO paqnycy 2OJKHO 6bI0 
Obl rnagko nNepeiitH B JIMHeiHYyKO 3aBMCHMOCTb 
n=qx/D B jaMHHapHoM nogcsoe. Mpu6nuxKeHHyt0 
CWUIMBKy dbyHKUHi (6.3) 1 n= qx/D nony4um, npupas- 
HHMBad nH dn/dx B HeKOTOpOii TO4Ke X9, KOTOPasd Cama 
onpeyesaeTCA ITHM YCOBHAMH. OTchowa HaXxOJMM: 

1 
] (“a } 


~=A\ 7 


(6.4) 


1 
weer". tee 1) (are) , (6.5) 


rae D=(c?/4x0)f8 — koxpduunent Andy3nu 11a3MbI 
nonepek MarHHTHOTO NMOsJIA, 6 — ee MpOBOAUMMOCTE, 
p=8nx p/H*. 

Cootuowennusa (6.4), (6.5) HMeroT O4eHb OFrpaHn- 
YeHHy!O OOsaCTb MpHMeCHMMOCTH XOTA ObI NoOTOMy, 
4TO B YCJIOBMAX, KOFa X9 CTAHOBHTCA MeHbIlle Jiap- 
MOPOBCKOrO paaMyca 9 TeYeHHe Na3Mbl Yepe3 JaMu- 
HapHbIlii NOACION yxe Heb3A CUNTATh DHdy3HOHHbIM. 
B jeHcCTBUTebHOCTH OHH MOFyT OKa3aTbCs Herpa- 
BHJIbHBIMH elle paHbue. Jleno B TOM, 4TO NpaktTu- 
4YeCKH H€BO3MOXKHO PaciOJIOXKUTb BHELIHIOKW CTeHKy 
TOYHO TO CHJIOBbIM JIMHHAM, a yxKe HeOONbUIOe ux 
HeCOBMayleHHe MOXKeT MpHBecTH K CYLIeCTBCHHOMy 
H3MCHEHHWO BCeX MpOLlleccoB B MOrpaHH4HOM CuIoe. 

By eM XapakTepH30BaTb « LICpOXOBaTOCTb » NOBepx- 
HOCTH BesIHYHHaMH O HM /, roe 6 — aMMJINTyAa OTKIIO- 
HeHHA CHNOBOK JIMHHH OT NOBepxHocTH, a / — AHHa 
«BOJIHbI>, C KOTOpOH CHIOBadA JIMHHA KOeGNeTCA 
OKOJIO NOBepxHocTH. IIpu MasIoM 0// MW X9<4 MOXHO, 
NlO-BUAMMOMY, TpHONWKeHHO NMOO%KHTb g=(d//) 
(T/M)'*n (x= 6). Takoe cooTHOMeHHe OTBeYaeT Npes- 
NOJOXKEHHH, 4TO CTaOHIM3upyrollee elicTBHe CTEHKH 
CBOJHTCA K OrpaHH4eHhto MacuiTaOa NysbcauHMi 20 
BeJIMYHHbI ~O, WH YTO M1a3Ma, NoNMawawoulasi BO 
« BMaHHy » C TEMJIOBOM CKOPOCTbIO pacTekaeTCaA BILOJIb 
CHJIOBbIX JIMHH Ha «BbINYKIOCTH» CTeHKH. Monctas- 
JIAA ITO COOTHOWEHHeE B (6.3) Nony4HM: 


| T > 2 8 
q M no :) 1+ (2 A) (bél)! 3° 


Takum o6pa30M, B ITHX MpeANONOXKeHHAX MOTOK g 
MOXeT JOCTHraTb BeCbMa SONbIIMX 3Ha4eHH. Peanb- 
Had KapTHHa MOXeT OKa3aTbCA elie CO*KHee, HM WIA 
NONHOTO ee BbIACHeHHA TpeOylOTCA IKCIepHMeHTALIb- 
Hble vccnenoBaHHa. Ho He3aBHCHMO, HJIH MOUTH 
He€3aBHCHMO OT eHCTBHTeJIBHOM BeJIMYMHbI gq pacripe- 
WeseHve Mla3Mbl TO paavycy OKa3biBaeTcA OH3KHM 
K HeiiTpabHoMy. [1noTHOCTb T1a3MbI O4eHb ObICTpO 
cnaglaeT C paavycoM, HW MO3ITOMY NOTOK g OJDKeH 
ObicTpo yOuiBaTb NpH yBesIMYeHHUM panyca BHeUHel 
crenku 5, 


7. Typ6yaenTHbiii pa3pa B NpO01bHOM MarHHTHOM 
none [32] 


B pacCMOTpeHHbIX BbILIe MpHMepaxX MarHHTHOe 
NOsJI€ CHHTAOCh 3a 1aHHbIM, OHO OMpeeAIOCb BHELI- 
HHMH TOKaMH. B CHJIBHOTOYHOM pa3patle Camo movie 
onpeesaeTcA pacnpeeseHveM TOKa Mo m11a3Me, H NO 
9TOH MpHinHe KapTHHa KOHBeCKIUHH 3Ha4HTeJIbHO 
YCOKHACTCA. 

XOpowo NpoBoAAWIM WHYyp C MIaBHO pacnpere- 
JIGHHbIM TOKOM YCTOHM4MB TOJIbKO B TOM CJly4ae, eCJIK 
BbINOHeEHO ycuoBHe Caiinema (3.9). B cHabHOM 
MIpOJOJIBHOM Nose, Korga He/Hz< 1 u P=8rp/H*< 1, 
9TO yCJIOBHe JIerKO BbIMOJIHACTCA 3a CYeT HepaBHO- 
MepHoro) pacnpeneieHia TOKa, O6ycroBeHHOrO 
HEOAHOPOAHOH NMpOBOAMMOCTbHO UHypa. Kak 6yze1 
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noka3aHO B Culezyoulei riaBe, Np 3ITOM Ha NepBbiii 
iiaH BbICTyMaeT TOKOBaaA KOHBCKIIMA, CBA3aHHaA C 
KOHCYHOH MpOBONHMOCTbIO M1a3Mbl. 30eCb %*Ke MbI 
OrpaHH4YMMCA TOJIbKO CJLY4aeM YMepeHHOTO NpoAOJb- 
Horo Noma, He) Hz-~ 1 (pexuM 3eTbI), Kora OCHCBHbIM 
MeXaHH3MOM TypOyJIeHTHOTO OXJaxKeHHA My1a3Mbl, 
MOXHO JYMaTb, JOJKHa ObITb DHaMarHHTHasd KOH- 
BeKHA. 

Tak Kak B NpaBoi YacTH HepaBeHcTBa (3.9) HMeeTCA 
MaJibli MHOXUTeIb 1/4, To npx Hy/H:-~1 ycnosue 
CaiieMa OKa3bIBaeTCA HapyleHHbIM yxe Mpv CpaBHi- 
TesIbHO HEOOJIbLIOM rpauHeHTe TaBsIeHHA, H B LIHype 
pa3BHBaeTCA KOHBCKLUMA, COCTOALIAA B BLIOpOce Gosee 
ropa4Hx TpyOok Ha CTeHKY M BO3BpallleHHH OXxsa%xK- 
J¢HHbIX TpyOOk BHYTpb wHypa. Hauia 3aa4a COCTOMT 
B TOM, 4TOObI DaTb NpHOMWKeHHOe ONHCaHHe JTOTO 
npouecca. 

Ha4Hem C MpocrTbix oueHoK. Pa310x%xHM JaBjeHHe 
nla3Mbl Ha Ba CilaraeMbIX P=Po+ py, TAC Po — 
faBsleHve, KOTOpOe elle yiepxHBaeTCA yCTOHYHBO, 
T.¢. Ip (PUKCHPOBaHHOM pacnipeeseHHH MarHUTHOrO 
noua OHO YOBJIeTBOpseT ycnoBHIo Caiinema, a 
P, — M30bITOK TaBeHHA Had Po. UMeHHO 9TOT H36bI- 
TOK M MIpHBOAMT K HeycTOM4HBOCTH. 

Ilybcauvio aBeHHA B TypOyNeHTHOM LUHype 
MOXKHO IipeacTaBHTb B Bune p’=/(dp/dr) ~ (//a) p, 
rae a — paauyc KamMepbsi, / — a1MHa NepeMeuiMBaHHA. 
Jina mpoctoTbi MbI OyteM C4HTaTb AIMHYy Mepeme- 
WHBaHHA MOCTOAHHOH NO paanycy HW NponopunoHnalb- 
HOH a. Takoe OnyuieHHe MOXKHO ONpaBaaTb TeM, 
¥YTO B peaJIbHbIX YCNOBMAX pa3paq OObINHO ObIBaeT 
OKPyXKeH JIaiHepOM, PacnOsO%*KeHHbIM Ha HEKOTOPOM 
paccTOAHHH OT NMpoBogzautero KOxyxa. TlostTomy 
KOKYX He OKa3bIBaeT CTaOvIM3Kpyrollero elicTBAA 
Ha MeJIKOMacuTaOHble nyJIbcauMu, HW / He M3MeHACTCA 
CyLUeCTBEHHO Tip NpHOnMxKeHuH K CTeHKe. Ilo anaso- 
ruv CO cBOOOZHOK Typ6yneHTHOCTBIO X%KMAKOCTH B 
3aTONMJICHHbIX CTpyAX MOXKHO Ox*UDaTb //a~10-!. 

IloToK 9Hepruu Ha CTeHKy 3a C¥eT Typ6yseHTHOrO 
nmepeHoca MOXHO MpescTaBuTb Kak g= (p'v’), rie 
NyIbCallHiO CKOPOCTH v’ ONATb MOXKHO OLICHHTb 3 
3aKOHa COXpaHeHHsA 9HeprHun v'~(//a)(p,/Mn)'/?, rae 
n — CpeHAA NMAOTHOCTb HOHOB B pa3pane. TakHM 
o6pa30m, mpHOnuxeHHO g=(//a)? vs p(p,/p)*, rae 
vs=(p/Mn)"? — ckopoctb 3ByKa, T.e€. TemsuOBad CKO- 
POCTb HOHOB IIpH TemmepaType, paBHO CymMMe TeM- 
nepaTyp HOHOB HM 3JIEKTPOHOB. 

IloToK 9Hepruu Ha CTCHKH BO3HMKaeT 3a C4eT BbIe- 
J@HHA IKOyJIeBa Tena B OObeMe, HM CIC MOBaTebHO, B 
CTallMOHapHOM CJly4ae, CCIM TOK pacipesesen Sonee 
WIM MeHee paBHOMepHO, 27aq ~ dxa® j?/o~ 6 (c?He* 
4xo), roe MHOKUTeIb O<1 y4HTbIBaeT, 4YTO 3Ha4H- 
TeIbHad OA IHeprHH MOXeT YHOCHTbCA U3Jy4e- 
HHeM. OTcioga nosryyaem: 


Sxp | Pr a 
He Pp 8? 
rae s=//a ecTb 4McneHHas KOHCTaHTa NopsaKka 10-}. 

Takum 06pa30M, Kak HM CuleqOBasIO O*KKLaTb, H36bI- 
TOK JaBICHHA Hall YCTOMYMBLIM ONpenesAeTCA B KOH- 
ll€@ KOHUOB OTHOLUCHHCM HHepLHOHHOrO BpeMeHH 
fi=a/vs K CKHHOBOMY f;=70a"/c?. MbI paccMOTpHM 


é : c (7.1) 


xov.a’ 


TYPBYJIEHTHAA KOHBEKLIMNA TJIA3MbI 


3fecb ciy4yai Xopouleii NpOBOAHMOCTH, Kora 3TO 
OTHOUWeHHe HacTONbKO Malo, 4TO MapamMeTp x 
(4/8?) (c?/xovsa)< 1. pu 3T0M p, < po, W CheMoOBaTedb- 
HO, pacnpeweneHve aBieHHaA nia3Mbi MO paanycy 
onpenemsetca ycnoBuem Caiitema: 


» 


— He («Y. (7.2) 


d 
Sit P 
dr 


C apyroi cropoubi, Mapmenve cBa3aHo ¢ pacmpe- 

jleseHveM nose YCIIOBHEM paBHOBecHsA 

Los "6 

Vp = - (jH). (7.3) 

Jina nonHoro onpelesieHHe TaBeHHsA WH MarHHTHOTO 

NOAA culeayeT NpHBeYw ele 3aKOH Oma, KOTOpBIii 
nipu H30TONHOH MpOBOTHMOCTH HMeeT BHI: 


1S vH)+E—— Vp. 


ne 


(7.4) 


rae pi= TaBseHve MOHOB. 

Tak Kak ypaBHeHHe (7.2) ConepxKHT MaJsibii napa- 
MeTp 1/4, To 3Ty CHCTeMy ypaBHeHHii MOXHO pelllaTb 
MeTOJOM MOCIeNOBaTeIbHbIX NpHOsMxKeHHH, Nosa- 
rad B HyNeBOM npHOnMxKeHHun p=0. Torna H3 (7.3) 
nowy4HM j= aH, T.e. MarHuTHOe Mose B ITOM NpHOsH- 
*KeHHM ABIAeTCA GeccHOBLIM. EcaH NOHHMaTb nod 
j u H cpeauue 3Ha4eHHA NAOTHOCTM TOKa HM MarHutT- 
HOrO Moa, TO B ypaBHeHHH (7.3), CTporo roBops, 
HyXHO Obi10 Opi yuecTb NaBnenne (H’)*/8x nynbcaunit 
MarHuTHOrO noma H’ uw cpefHee 3Ha4eHHe OT NyJib- 
caunii cunt HHepunH. Ho nockonbky mpu ~<1 KOH- 
BeKUIMA ABJIACTCA CPaBHHTeJIbHO MeWICHHOM, H KpomMe 
TOrO, Mp KOHBeKTHBHbIX TepeCTaHOBKaX CHJIOBbIX 
TpyGok c mma3Moi MarHHTHOe Nome McKaxaeTca 
Kpaiihe He3Ha4HTeNbHO, TO MpeHeOperad rpalHeHTOM 
aBJICHHA, MbI JOJDKHbI NpeHeOpe4b KH ITHMH 4WieHaMH. 
Kpome Toro, Mbl CileaeM ellie ONHO ympoulenne, a 
MMeHHO, GyteM C4HTaTb, 4YTO B ypaBHeHHH (7.4) H 
npesctaBiset coGoi cpefHee nose. Tak Kak Np 9TOM 
ypaBHennue (7.4) CraHOBUTCA JIMHeCHHbIM OTHOCKTCJIBHO 
NYJIbCHPYIOWIMX BeJIMYHH, TO ypaBHeHHe JIA CpeHHXx 
BeM4unH OSyneT MMeTb TOYHO Tako xe BH (7.4), 
nub non j, H, vn E cnenyeT NOHHMMaTb HX CpezHHe 
3HayeHnsa. Tlonctapiaa B ypaBHenue (7.4) j=oH u 
YMHOxas ero 3aTeM Ha H, MbI HaiieM « MH NOy4MM: 


oE-H 


“aH (7.5) 


j = = rot H = 
CootHowenne (7.5) COBMeCTHO C ypaBHeHHAMH 
divj = divH=0 no3BonseT, B NpHHunne, HaiTH 
pacnpenenenve none B pa3pane m060H reoMeTpH- 
yeckoi dopMbI. Tako npHOnwxKeHHbIi MeTO peLe- 
HHA 3aa4H O pacnpezeneHHH nose MbI GyeM Ha3bi- 
BaTb NpHONMxKeHHeEM MpOAONbHOM MpoOBOAMMOCTH, 
MOCKOJIbKy TOK MIpH 3TOM CYHTAaeTCA HallpaBJICHHbIM 
Boomb H, a mponwonbHad KOMNMOHeHTa 3aKOHa Oma 
HCNONb3yeTCA B OOLIYHOH opMme. 
Jina nmpamMoro UHNHHOpHYecKH CHMMeTPH4HOrO 
ufHypa mp o=const. ypaBpHenue (7.5) yao6no npH- 


BecTH kK G6e3pa3MepHoMy Buy, Nosaraa He=Hyu(x), 
H:z= Hy(x), x=4noEgr/cHy, roe Hy — Bennuinna 
NIpOAONbHOrO MarHHTHOrO MOA Ha OCH UIHypa, 
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b. Bb. KAJIOMLIEB 


Ey — pononbHoe 2s7ekTpuyeckoe none. IIpu 3T0mM 
v3 (7.5) nonyyaem: 


.. (ru) as a 
x dx u* 4 


dv uv — 
7 ——— ae * (7.6) 

PeuieHve 9THX ypaBHeHHi npenctTaBsieHo rpadu- 
yeckH Ha puc. 5. Ha 39TOM x%xe PpHCyHKe NpHBeneHO 
pacnpefeseHve 1aBJICHHA M1a3Mbl, BbIYHCJICHHOe M0 
dbonmysie (7.2). Kak MbI BHIMM, Np DaHHOM pacripe- 
neseHHH MarHHTHOrO OA MaBAeHHe yCTOMYHBO 
yepxHBaeMOH MNa3Mbl He MpeBocxonHT 4% oT 
WaBJIeHHA MarHHTHOrTO MOJA, 4TO CBHeTeJIbCTByeT 
© xopowei TOYHOCTH NpHONHKeHHA NpoOAOMbHOK 
TIpOBOJMMOCTH. 

To o6cTosTembCTBO, 4TO B pa3paae C yMepeHHbIM 
NpOOJIbHbIM NMOJeM pacnpeseseHHe Noe OKa3bi- 
BaeTca 61H3KHM K GeccuIo0BOMy, ObI1I0 OOHapyxeHO 
ye B llepBbIX OMbiTax Ha 3eTe [33], a 3aTeM NOATBep- 
*KWeHO OoNee TWIATeIbHbIMH H3MepeHHAMH Ha 3eTe KM 
pale aHaslorM4Hnbix ycTaHoBok [34— 36]. B npxxnunne, 
39TO MOXKHO ObiII0 Obl OObACHHTBb TEM, 4TO BCA 
9HeEprvs, BBOJHMas B Mla3My, YHOCHTCA H3J1y4eHHeM 
Ha mpumecax [37]. [Ip 39TOM aBeHHe MJIa3MbI 
Takxe ObiI0 Obl MaJIO MO CpaBHeHHIO Cc jaBJie- 
HH€M MarHHTHOrO NOJIA, TOK MonepeK MarHHT- 
HOrO NOJIA NMpakTHYeckH OOpamiasica ObI B HYJIb, H 
BCJIeACTBHe TraxKeHHA CTCHOK B LWIHyYpe BO3HHK Obi 
HelpepbIBHbI MOTOK Ma3Mbl K OCH pa3psAtla CO CKO- 
POCTbHO 9IEKTpHYecKOrO Apelitpa, KaK 9TO CyleyeT U3 
nonepeyHow KOMMOHeEHTbI 3aKOHa Oma (7.4). 

Ho Takoe OObACHeHHe HaXOJMTCA B NpOTHBOpeYHH 
C IKCIEPHMeHTAaJIbHO HaGOJIIOaeMbIM MepeHOCoM 3IHep- 
rMM Ha CTeCHKH CaMOl Ma3MOH, HCMbITLIBaOUel 
CHJIbHbIe KOIEOaHHA. MoxHO CKa3aTb, YTO HapsALy CO 
Cpe2HMM JIBHXKCHHeM I11a3Mbl BHYTPb pa3pslla, KOTO- 
poe CKMMAaeT K OCH NpOMOJIbHOe MarHHTHOEe Nove, 43 
LUHYpa « BbITIAYHBAIOTCA > OTMCJIbHbIC CHJIOBbIe TPyOKH, 
BOJIb KOTOPbIX Kak NO KaHasiaM ropsAyasd M1J1a3Ma BbI- 
HOCHTCA Ha CTCHKH. TakHM OOpa30M, B TypOyJIeHTHOH 
nyla3Me NOTOK BeLllecTBa jn="Vy=nv+ <(n'v’> He 
CBA3aH HeMOCcpeCTBeHHO CO CpeHei CKOpPOCTbHWO VY, 
XapaKTepH3yrOlWUeH MepeHOc CHJIOBbIX JIMHHH, a onpe- 
mesaeTcCA yCOBHAMH afcopOunH HW ra300TeJIeHMA 
cTeHok. JipyrMMH C/OBaMH, CpeHAA CKOPOCTb V B 
3akoHa Oma (7.4) He paBHa rHapoaHHamuueckoi 
CKOPOCTH LIeHTPa MaCC Vo=jn/7. 











1 2 3 4 X 


Puc. 5 Pacnpenenenve MarHuTHOrO NOAM WaBJIeHHA 1J1a3MbI 
mo panavycy B pa3paae C YMepeHHbIM MPOONbHbIM MOJIEM. 
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IlpuBetenHoe Ha puc. 5 pacnpeneseHve MarHuTHoro 
NOJIA OYCHb XOPOLO CorslacyeTcaA C IKCNePHMeHTAJIb- 
HO H3MepeHHbIM. OHO XapakTepH3yeTCA eMHCTBeH- 
HbIM NapaMeTpoM y= 470E,a/cHo, NpeACTaBAKOULM 
co6oi Sespa3mMepHbiii panuyc Koxyxa. YBemuyenne y 
COOTBETCTBYeT MepeMeLLCHHIO MOJIOXKCHHA KOKYXa Ha 
puc. 5 B cCTopoHny GobUIMX Xx, T.e. KOHUCHTpallMi TOKa 
K ocH pa3paaa. CornacHo puc. 5 MAOTHOCTb Toka 
yObiBaeT C yasieHHeM OT OCH pa3pa a, TaK YTO OCHOB- 
Had YacTb TOKa (~85°,) nmpotekaetT B oOnacTH 
x<2. Dro o3HayaeT, 4TO NpH y> 2 ToKOBbIii UWIHyp 
MpakTH4eCKH OTPbIBaeTCA OT CTCHOK, H ero pasMyc 
nmepecTaeT 3aBMCeTb OT paawuyca KaMepbi a. Bmecto 
mapamMetpa y yoOHO BBecTH Apyroi napametp 
9=4n Ia/®c, kotopbiii Bbipaxaetca HenocpeCTBeEHHO 
yepe3 M3MepxAeMBIe Ha ONbITe BeIMYMHbI — MOJIHbIii 
rok J M NpozoNbHbIi MarHuTHbI NOTOK PM, 3aKnWw- 
4YeHHbIM BHYTpH LHypa C TOKOM. Oxka3biBaeTCA, 4TO Cc 
TOYHOCTbWO 0 20% O=y. 

TakuM o6pa30M, 3Had TOJIbKO NONHbIM TOK / H 
NpOOJbHbIM MarHHTHbI NoTOK PM, MOxHO ompejie- 
JIMTb Ge3pa3MepHbiii payuyc KOxKyxa y HM Mose Ha OCH 
pa3psaia : 

- 9 
4nla Ho 21 


Gc ’ ~ eauly)’ 


y xO (7.7) 
a Ce€MOBaTeJIbHO, H NOHOe pacnpeneneHue nozseii. 

Ecnu nonoxuth P=D,=—xa*Hz, rae Hz — npo- 
OJIbHOe MarHHTHOe Nose neped HavaomM pa3pxsa, 
TO TaKOH Ppac4eT MpHBOAMT K XOPOLIeMy COrsIacHto Cc 
JIAHHbIMH IKCIeCPHMeHTAaJIBHbIX H3MepeHHit, HO TOJIbKO 
1A 3HaYeHHH NapamMetpa #< 3. Tipu nanbueiimem xe 
yBeJIM4eHHH TOKa HM Napametpa 4,= 4x/a/Pyc penn4u- 
Ha = 4zxla/®c ocraetca npakTM4ecKH NOCTOAHHOI, 
Tak 4TO MarHUTHbIi MOTOK BHYTPH WiHypa M sHHeiiHO 
BO3pacTaeT C TOKOM. IIpo 3TOM CHapyxH OT LIHypa 
NOABIACTCA MpONOJbHOe MarHHTHOe Nose B OOpaTHOM 
HanpaBsieHHu. ITO OGcTOATeNbCTBO ObIIO OTMe4eHO 
B paOote JIu3a u Pa36pumxa [34], B KoTOpoii Gbi10 
NpOH3BeNeHO COMOCTABJICHHe 3IKCMePHMeHTAJIbHbIX 
aHHbIX O pacnpeleseHHH MarHHTHOTO Mons NO pa- 
muycy c GeccunoBOK MOebIO. KayectBeHHoe o6cyx- 
meHve BomIpoca O 3aMOpaxKHBaHHH NMapaMetpa @# Ha 
3Ha4eHHH § ~ 3 OyneT naHo B § 10. 

BeccusioBoi WHYp C TOKOM MOxXeT CyLIeCTBOBaTb 
TOJIbKO NIP HasIM4HH NpoAoONbHoro nous. TMostomy 
BO3HHKaeT MHTepecHbiit BONpOC, 4TO Gy eT pH yMeHb- 
WIe€HHM MpOAONbHOrO MarHHTHOrO nonsA. JletanbHoe 
vccueqOBaHve 3TOTO BOTIpoca ObIIO NMpoBeneHo B 
paOote BaOuyepa, Kapyescxoro, MypomkunHa, Co- 
konpckoro [36]. B Hx ycTaHOBKe MMeaCb BO3MOx- 
HOCTb H3MCHCHHA MarHMTHOrO NOTOKa BHYTpH pa3ps- 
a Ip MOUTH NOCTOAHHOM Toke. Kak NOKa3bIBalOT HX 
H3MepeHHA, LUHYp C TOKOM O4eHb HEOXOTHO H3MeHACT 
NpOObHOe MarHHTHOe Mose: Mp YMeHbLUIeHHH 
MarHHTHOTO MOTOKa B LIHYpe MpOAOsbHOe MarHHT- 
Hoe Nose Ha OCH pa3pAa HEKOTOPOe BpeMA COXPaHAeT 
CBOe 3HAaYeHHe, a 3ATEM Pe3KO MCHACT 3HaK. 

B 9Toi xe paSoTte Obino yGenanTeNbHO NOKa3aHO, 
4TO pa3pA C YMePeHHbIM MPOAOJIbHbIM MOJICM ABIIA- 
eTCA KBa3HCTaLMOHapHbIM: pacnpeweneHHe MarHutT- 
HOrO MOJIA B TAKOM WHYype NONHOCTbIO ONpeesAeTCA 
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fl0JIHbIM TOKOM H IpOOJIbHbIM MarHHTHbIM MOTOKOM 
4 H€ 3ABMCHT OT TOTO, KaK H3MCHAIOTCA ITH BEJIMYHHbI 
cO BpeMeHeM. 

[lpexue 4em nepeiitu k OOcyxKeHHIO ApyrHx oco- 
6eHHOCTeH pa3paqa C YMePpeHHbIM IIpOOJIbHbIM 
loJIeM, MbI pPaCCMOTPUM BOTIpOC O BHHTOBOH HeycToH- 
YA4BOCTH LUHYpa C TOKOM. 


8. Bunrospasa HeycTOw4HBOCcTL 


HeycTOH4MBOCTb LIHypa C TOKOM B IIpOOJIbHOM 
MarHHTHOM OJI€ MO OTHOLICHHIO K M3BHBaHHIO 
sBilacb OObBCKTOM HCCICNOBaHHA CaMbIX MepBbIXx 
paOoT MO THApOMarHHTHOH yCTOMYMBOCTH M11a3MbI 
(38—41]. B sTwx paOotax ObiIM M3y4eHbI yCIOBHA 
yCTOMMMBOCTH TakOrO LWHYpa MO OTHOUICHHKO K 
MaJIbIM BO3MYLLCHHAM. 

YroObl BLIACHHTh (U3KY4eECKyHO NpHpoOy BHHTOBOH 
HeyCTOMYMBOCTH, Mbl PpaCCMOTPHM CHa4aJla CJIeLyW- 
wi Meanw3MpoBaHHbId mpumep. JlonycruM, 4TO 
TOHKHH WleasibHO NPOBOAALWIMH WHyp padwyca a Cc 
TeKYUIMM TO e€fO NOBEPXHOCTH MpOOJIbHbIM TOKOM 
], MOMeLIICH B OAHOPOAHOe MarHuTHOe Nose Hy (cM. 


a 


ie, 


\ 











(a) (d) 


Puc.6 V3BuBaHve MpOBOAHHKa C TOKOM B MPpOAONbHOM Mar- 
HUTHOM Moule. 


puc. 6a). Mbi npeaznono%«uM, 4TO NPOBOAALIMK WHyp 
o06pa30BaH HeECKHMaeMOi KHAKOCTbIO HK YTO MarHuT- 
Hoe Moe BHYTpH Hero OTCyTCTByeT. Kpome Toro, 
6yaeM C4HTaTb, 4YTO WIHYp C TOKOM OKPpyxeH HJe- 
aJIbHO NPOBOJALIMM KOXKYXOM pauyca b> a. 

TlockobKy MarHuTHOe Nowe NO aOcoNIOTHOH BesIN- 
4HHe YMCHbIUaeTCA NP YAaseHHH OT rpaHHlbl LWIHy- 
pa, TO Tako LWIHYp ABIAeTCA, B YACTHOCTH, KOHBCK- 
THBHO HeyCTOHYMBLIM: MaJloe BO3MYLUeHHe ero Mo- 
BEPXHOCTH, COCTOAUIee B €€ PHDPIICHHH BIOJIb CHIOBbIX 
IMHHH, GyneT ObICTpo HapacTaTb BO BpemeHH. Ho 
MbI T1OKa OTBJICYEMCA OT MaJIbIX BO3MYLUICHHH HM pac- 
CMOTPHM Cpa3y CHJIbHOe HCKPHBJICHHe LIHypa, COCTOS- 
ulee B M3BHBaHHH ero B BAHTOBYHO JIMHHWO C arom /. 
O603Ha4HM Yepe3 r AaMMVJIMTYAY ITOTO HCKPHBJICHHA. 
Tak kaK IIpH BAHTOBOM HCKpHBJIeCHHH TOK / nepecTaet 
ObITb HaMpaBJICHHbIM M0 Z, HM y Hero NOABIAeTCA a3H- 
MyTaJIbHad KOMMOHeHTa /g—=27r///, TO Ha eHHHLy 
UIMHbI WHYpa B padHanNbHOM HanpaBleHHn OyzeT 
leicTBOBaTb CHa 


Q2r 


n 1 ; 
F =— (1H) =—" 1. (8.1) 


TYPBYJIEHTHAA KOHBEKLIVA TIJIA3MbI 


Ecru WHyYp H3BHBaeTCA NO BHHTY HeBO3MY- 
WWCHHBIX CHJIOBLBIX JIMHHH TO 3Ta CHa Oy net 
HalpaBlieHa HapyxXy, HW aMIVJIHTyia UCKPHBIICHHA 


OyleT HapacTaTb BO BpeMeHH. 

OHOBpeMeHHO C 9THM OyeT yMeHbUaeTCA M CHJIa 
TOKa, NOCKOJbKy NPH JBHXKeHHH WIHYpa B NpOO0JIbHOM 
MarHHTHOM Mose B HEM OyneT HaBOnHTECA DIC, 
HalpaBjeHHad NpoTHB TOKa. Tok / MOXHO HaiiTH H3 
YCNOBHA COXpaHeHHA MarHHTHOrO NMOTOKa, OXBaTbI- 
BaeMOrO MpOBOAHHKOM. IIpenctaBum ce6e, 4ToO pac- 
CMaTPpHBaeMad HAaMH CHCTeCMa 3aMKHYTA B TOP C O4CHb 
Sonbuiod aAnMHOK OOxona Ly. Torma B HCXOHOM 
COCTOAHHM MpOBOAHHK C TOKOM O6yyeT OXBaTbIBaTb 
notok ®=(2/,L,/c) In (6/a.) pu uckpusseHun WHypa 
Hapaay C NOTOKOM a3HMyTaJIbHOrO NOAA, KOTOpbIii 
c worapuHdMuyeckOK TOYHOCTbIO MOXHO C4HTaTb 
paBHbim (2/L,/c)In(b/a), on OyneT OXxBaTbIBaTb 
Takxe Npowoububit noTok mr*HyL,//. U3 ycnosusa 
@®=const. nomyyaem: 

I =r?H,c 


= i— 21 1, \n (b/a) * 


(8.2) 

3Haa BbIpaxkeHHe Mia cub (8.1), MOKHO NoOCHH- 
TaTb coBepuiaemy!0 eli paGoTy, a CueOBaTeNbHO, H 
NOTeCHUMAaJIbHyWO 9HeprviO W npoBOaHHKa C TOKOM B 
MIpOAONbHOM MarHHTHOM Mose, paccYHTaHHylO Ha 
€MHMLy JJIMHbI: 


w —=—(Far 


0 


xI,H, { fa sH,c cal . 
el 41 I, In (b/a) { 


(8.3) 


KayecTBeHHO 3aBHCHMOCcTb W oT r npelcTaBneHa 
Ha pvc. 7 cnoumMon sMHMeH. Kak MbI BHAHM, NOTeH- 
UMaJibHad IHEPrHA HMeeCT MHHUMMYM IIpH 

' 2UI, b 


aha In = (8.4) 


r Yo 
M paBua B ITOH TOUKe W=W, = —(/*,/c*) In (6/a), T.e. 
B3ATOH C OOpaTHbIM 3HaKOM NOHO JHEPrHH a3H- 
MYTaJIbHOrO MarHHTHOTO MOJIA. 

Kak BuaHo H3 (8.2), np r=r, TOK / o6pauiaetca B 
Hyb. TakiM O6pa30M, y *XHIKOrO NpoBOHHKa C 
TOKOM Hapsly C HCXOHbIM PaBHOBCCHbIM COCTOS- 
HHeM eCTb BTOPOe, B BHC BHHTOBOH JIMHHH paMyca 
ro. BO BTOPOM paBHOBeCHOM COCTOAHHM TOK OO6pa- 
ulaeTCA B HYJIb, A3MMYTAaJIbHOe MarHHTHOe Mose OT- 
CyTCTByeT, HW CJICNOBATebHO, 9HEPrHA MONA NpHHH- 
MaeT MHHHMaJIbHO BO3MOXKHOe 3Ha4¥eHHe. Crporo 
rOBOpA, ITO COCTOAHHE He ABJIACTCA BMOJIHE PaBHO- 
BeCHbIM: CHJIOBbIC JIMHHM NMposoNbHOrO Nona OyzyT 
CIJIKOWUIMBaTb XHIKHA NpOBOAHHK HM MpespaTAT ero 
cHa4asia B CNMpasbHyl0 JeHTouky (pic. 66), a 3aTeM 
B TOHKOCTeHHYHO WHJIMHEpHyeckylo TpyOKy Toro xe 
paauyca ry. B cnyyae NpAMOrO WIHypa 3TO KOHeYHOe 
COCTOAHHE ABJIACTCA, OYCBHIHO, HeiTpasIbHO ycTOi- 
4MBbIM TIO OTHOWICHHIO K MaJIbIM KOJIeOaHHAM, TaK 
Kak MarHHTHOe Nose BCKoy OLHOpomHO. [1px Topon- 
asibHOK TreOMeTpHH paBHOBecHe 6e3 NpoObHOTO 
TOKa H€BO3MOXHO, HW NOITOMY KHAKOCTS OyzeT DBH- 
raTbcA K HapyxXHOH CTeHKe KOXxKYyXa, MOKa He yJIA- 
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b. b. KAJIOMLIEB 


*KeTCA TaM B PaBHOBeCHOM CocTOAHHH. IIpakTu4ecku 
3TOT Nepexon OyneT CONpoBOxAaTbCA CHJIbHbIMH 
KOIeOaHHAMH, NOCKOJIbKY BCA 9HEPrMA a3HMyTaJib- 
HOrO MarHHTHOTO NOJIA NMepeiteT CHayasia B KHHe- 
THYeCKyYIO HM TOJbKO NO MpewiecTBHH HeKOTOpOrO 
TIpOMexyTKa BPeMeHH OHA KCCMHNMpyeT HM Mpe- 
BpaTHTCA B TeNIOBYHO. 

WntepecHo OTMeTHTb, 4TO pa3 HCYe3HyB, TOK B 
BAHTOBOM LIHype He NMOABJIACTCA Make MpH HaJio- 
*KCHHM BHeWIHerO WiekTpHyeckoro nous EL. 
HallpaBJIeHO B Ty %*Ke CTOPOHY, 4TO HM Ha4aJIbHbIii TOK 
Ij, TO paauyc BHHTOBOH cnupanu GyneT pacTH co 
BPpeMeHEM, TaK 4TO BO3HHKAarOlad BCJIEACTBHe 3ITOTO 
mpvuxeHia D/C B TowHOCTH cKoMmeHcupyet E, T.e. 
L,E=2nrrH,L,/cl, orkyna 

i clE (8.5) 
2xrH, ° , 

Mbi paccmoTpesim Bo3MyuleHHe C m=1, npeBpa- 
Wlarollee LWHYp B OJHO3aXOHYHO cnupasib. Ho TOUHO 
K TaKOMy ke 3*pieKTy HC4e3HOBeCHHA TOKAa MpPHBOAAT 
HM BO3MYLUeCHHA C m> 1. Tipu 9T0M wHyp pa3OuBaeTca 
Ha M BUHTOBbIX HUTeH, C pawHyCoM ry B +/m pa3 MeHb- 
LUMM, 4eM (8.4). 

JlonycTtuM Teflepb, 4TO BHYTpH WHypa KMeeTcA 
BMOpOxeHHOe MarHHTHOe TMOsIe TOM %*e BeJIM4YHHbI, 
4TO MW CHapyxH. UV B 9TOM CHyYae BHHTOBOM WHyp 
oTBeyaeT Ooslee ycTOow4uMBOMy cocTOsHHWO. OnHako, 
lIpH 39TOM TOK yxe He OOpallaeTcA B HYJIb: BMOpO- 
%*KeHHOe Mose BHYTPpH HCKPHBJeCHHOrO LiHypa aeT 
HEKOTOpylO CHJIY HaTAXKeCHHA, KOTOPad MOxeT ObITb 
ypaBHOBelliecHa TOJbKO cHIOn (8.1). 

Ec TOK pacnpezenteH paBHOMepHO 10 CceyYeHKO 
uIHypa, TO War CHJIOBbIX JIMHHH BCIOAY OMHAaKOB, 
M HeTpyIHO MpeycTaBuTb ceOe pacuilenseHHe WIHypa Ha 
M OT]ICJIbHBIX HHTeH. Ho nockonbKy NO HMM TeYeT 
HeKOTOpbiii TOK, TO OHH OyyT NPHTArMBaTbes Apyr K 
Apyry MW COJIbIOTCA B OAMH BUHTOBON LIHyp. 

Ec.J1M Ke NJIOTHOCTb TOKa He NOCTOAHHAa NO pauycy, 
M War CHJIOBbIX JIMHHi MeHAeTCA C paaHycomM, TO 
aMIVIMTya BO3MYLUeCHHH Cc m>1 6yneT orpaHH4ena 
3a C4eT MepeKpelleHHOCTH CHJIOBbIX JIMHH, a pu 
NOCTaTO4HO GOONbLIOM NMpOAONbHOM ose LWHyp 
BOOOMIC CTAHOBUTCA YCTOMYMBbIM N10 OTHOUICHHHO K 
TaKHM BO3MYLUeCHHAM. 

Utak, BHHTOBadA HeyCTOMYHBOCTh sABJIAeTCA CJIel- 
CTBH€EM HaTAKCHHA CHJIOBLIX JIMHH, CTpeMaALLHXxcA 
lipeBpaTHTbcs B MpAMbie. Tak KaK TOMY CTPeMJICHHIO 
npenaTcTByeT HeabHad MpOBOAMMOCTb LWIHypa, TO 
CaM UIHYp CTaHOBHTCA BHHTOBbIM. MoxHO Cka3aTb, 
4TO LIHYp C TOKOM B IIpOJOJIbBHOM MarHHTHOM Movie 
BCe BPeMA HaXOJHTCA NOD yrpo30ii H3BUBaHHA. OnHaKO 
Tako mepexoa He BCerya MOxeT ObITh peasH30BaH. 
Jleno B TOM, 4TO NOTeHUMabHasd 9HeprHuaA (8.3) MONy- 
4eHa HaMH TOJIbKO JIA BO3MYLUCHHH C DOCTaTOUHO 
OonbuoK amnintyfoi. Uccnenopanne [39—41] no- 
Ka3bIBaeT, 4TO Ip MaJIOM HCKPHBJICHHH NOTeCHUMAaJIb- 
Had 9Heprua HMeeT Gapbep, Kak MOKa3aHO MYHKTHp- 
HOH JIMHeli Ha puc. 7. B chyyae CHIBHOrO NpOAONbHOTO 
nossa, H-> Ho, Tako Oapbep cyulecTByeT 1A BO3- 
MYLUCHHH ¢ WwaroM /, MeHbLUMM Lara CHJIOBbIX JIMHMit 
ta*H2c/ly=2naH-z/Ho, rae He=21,/ca — asumytasib- 
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Puc. 7 TlorenunanbHas 9HepriA MpOBOAHHKa C TOKOM B ripo- 
OJIbHOM MarHuTHOM Moule. 


HO€ MarHHTHOe Nose Ha rpanuue wHypa. MosTomy 
WHYp KOHeYHOM WIMHbI Ly (CKaxkeM, TOPO ZaJIbHbiii) 
OKa3bIBaeTCA YCTOMYHBbIM MO OTHOLWICHHIO K H3BH- 
BaHHW, CCIM BbINOJHeEHO yCIOBHe 


Ho 2a 


‘ RF 
Hz i (8.6) 


To ycnosue Obio0 NoNyYeHO He3aBHcuMo LLladpa- 
HOBbIM MH Kpyckasiom. Ecsu ycnosue (8.6) Hapyuaetcas, 
TO TOHKHH WHYyp BCJIeACTBHe HeyCTOHYHBOCTH H3BH- 
BaeTCA B BUHTOBYHO JIMHHIO C WwaromM /* za*cH,/I;, 
npH4em paauyc Tako cnupasu corsacHo (8.4) oKa3bI- 
BaeTCA NopsAdaKa a: ry ~aVv 21n(b/a). pu yMenbuenun 
paauyca MpoBowsmero KO*KyXa aMMJIMTya BHHTO- 
BOrO HCKPHBJICHHA BCeACTBHe cTaOMIM3HpyroUlero 
eiicTBUA CTCHOK yMeHbilaeTCA, HM WHyp BooOue 
MOx*eT cTaTb ycroiunBbim. Hanpumep, Seccunosoii 
CKHHMpOBaHHbIii LWHYp, B KOTOPOM TOK TeYeT NO 
NOBEPXHOCTH H MpOOJIbHOe MOC CHapyXU OT LHypa 
OTCYTCTByeT, OKa3bIBaeTCA YCTOMYMBLIM MO OTHO- 
LUeHHHO K MaJibIM BO3MYLUCHHAM pH b< Sa [39]. 


9. Bunrosoii pa3pan 


BepHeMCa ONATb K pa3pady C YMepeHHbIM MpoAosib- 
HbIM MlosteM. Kak Mbl ye OTMe4AaJIH, Ip BO3pacTaHHH 
NpOAONbHOTO TOKa GOe3pa3MepHbi panvyc KO*Kyxa 
y=4noE,a/cHo ysennuuuBaetca, T.e. paauyc Winypa 
yMeHblulaetca. A Tak KaK TOHKHM WIHyp HeycTOH4HB 
NO OTHOWCHHIO K H3BHBaHHHO, TO eCTeCTBCHHO BO3- 
HHKaeT MbICJIb, 4TO GeccuOBOH pa3paxy OJDKeH 
CTaTb BHHTOBBIM, eCJIH y MIpeBbILdaeT HEKOTOpoe KpHTH- 
yecKkOe 3Ha4¥eHHe yc. UnceHHOe pewieHve 3ana4n 06 
ycrowumBoctu Takoro GeccunoBoro wHypa [32] no- 
Ka3biBaeT*, 4TO H3BHBaHHe Ha4WHaeTca nmpHOH3H- 
TeIbHO Np y3, a IMA BOJIHbI BOSMYLNCHHA 
BUOJIb OCH Z OKa3bIBaeTCA NOpADKa wWiara HeBO3MyY- 
LUCHHbIX CHJIOBbIX JIHHHH, a HMeHHO, S6e3pa3mMepHoe 
BouHOBOe 4NCIO kKxO,5, T.e. Kyec=2 Tyc/Aw 1,5. 

Eciu mpodosbHoe aiekTpuyueckoe nose Ey He Ha- 
MHOTO TpeBOCXOAMT KpHTHYecKOe 3Ha4¥eHHe Ec= 
cHyy-/4 xo a, TO HapacTaHMe aMMJIMTYAbI BAHTOBOTO 
M3BHBaHHA JOBOJIbHO OBICTpO MpekpaTUTCA 3a C4eT 
HeJIMHeHHbIX IpdekTOB, H yCTaHOBHBLYIOCA aMILJIi- 
TYHY MOXHO HaHTH NO TeEOpHH BO3MYLIICHHH, yY4HTBI- 
Bad TOJIBKO KBapaTH4Hble YWieHbI (KBa3HJIMHeHHOe 
nmpuOsMxKeHHe). Kak noka3bipaetT pacyuet [32], nmpH 
YBeJINYCHHH NpOAOMbHOTO WIEKTPHYECKOLO NOMA BbILLe 


* Ananoru4unbii pacyetT 6b npoBeneH B pabote [62]. 
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KPHTH4eCKOrO 3HaYeCHHA AMMJIMTyYHa W3BHBaHHA A 
pacreT mponopuvonanbuHo [(£,/E-)—I1}"*, npnyem 
jaxke pH JOBONbHO OobUWIOM NpeBbiuieHHuu Ey Han 
KPHTH4CCKHM 3Ha4eHHeM E- aMMJHTya W3BHBaHHs 
okKa3bIBaeTCA BCe ellie Maso. Tem He MeHee, Takoe 
W3BHBaHHe OKu3bIBaeT 3AMeTHOe BJIMAHHE Ha pacripe- 
jeseHve cpeqHHX none. Mpu mano amnautyze 
BHHTOBOTO HCKPHBJICHHA CpeaHee MONe ONATb OKa3bi- 
paeTcaA OeccHNOBbIM HM O1H3KO COOTBeTCTByeT Npo- 
punto pwc. 5 WIA UMAMHApHyecKH CHMMeTpHYHOrO 
wHypa. ITO pacnpeneneHHe CHOBa MOXHO 3a/aTb 
eMHCTBCHHbIM TNapamMeTpoM 1=—4zxal/Pc. Oxa3pi- 
paeTca, 4TO pH E,y>E- napametp 4 He TObKO 
mepecTaeT BO3pacTaTb c Ey, HO HaYHHaeT Mlaxe He- 
MHOrO YMeHbIUaTbCca. 

TakuM O6pa30M, corslacHO pacueTaM B KBa3HJIH- 
HeiHOM NpHOnwxKeHHH pH yBenHyeHHH FE, BbIUe 
KPpHTH4eCKOTO 3Ha4eHHA TOK B WIHYpe JOsKeH Mpak- 
THYCCKH 3AMOpaxKHBaTbCA Ha YPOBHe KPHTHYeCKOTO 
I-=c®y-/4za, 4TO MOXHO HHTepmpeTHpoBaTb Kak 
pe3yJIbTaT YMCHbUIeCHHA 3PPeKTHBHOH MpOBOAHMOCTH 
WHypa 3a C4eT efO H3BHBaHHA (HaNOMHHM, 4TO Mpo- 
BOAMMOCTb Nonepek MarHHTHOrO MOA paBHa HyJIKO). 
CneoBaTesIbHO, B NpHOWKeHHH NpOAONbHOK NMpo- 
BOMMMOCTH yBesIM¥eHHe E,y>E- OMKHO MpocTo 
yBeJIMYMBaTb AaMIMJIHTyYAY BUHTOBOTO HCKpHBJICHHA 
pH MOCTOAHHOM TOJIHOM Toke /. 

Kak MoKa3biBaeT aHasIv3, NpoBeweHHbiii B paGoTe 
[34], B 9kKcnepHMeHTe eiicTBUTeIbHO HaOsHODaeTCA 
«3aMOpaxKHBaHHe» NapaMetpa 4 Ha 3Ha4yeHHH 4 3, 
Tak 4TO NIP albHeliwiem yBenuyeHHu Ey paauyc 
WHYypa OCTaeTCA MpakTH4eCKH NOCTOAHHbIM. OnHako 
Ip 39TOM TOK J NpowONxKaeT BO3pPaCTaTb 3a C4eT 
yBeJIM4eHHA MarHHTHOrO NOTOKa BHYTpH LWHypa 
NOABJICHHA CHapyxXH OT WIHypa OOpaTHOrO NoToKa. 

BunTosoi pa3pan c Oonbwioi amMMmIMTyLoOH H3BH- 
BaHHA HaOmOnasca Coiiepom u up. [42] Ha ycraHoBKe 
KosyMOyc, pa3pa Has KaMepa KOTOpO NpencTaBlana 
co6oi mpamyro MeTasuiMY4eckylo TpyOy paguyca 
a=8 cm. IIpv HayasbHOM MarHuTHOM Nose H-= 100 
raycc HW TOKe /=10 ka, 4TO COOTBeTCTByeT 3HaYeHHtO 
napamMetpa 4,—5, na6ntolasOcb M3BUBaHHe TOKOBOTO 
WwHypa Cc waroM Ax 2a, T.e. kyx3. 

O6OHapyxeHHOe 3THMH aBTOpaMH CpaBHHTeJIbHO 
MeJWICHHOe BpallleHHe BAHTOBOTO LuHypa noOy AHO HX 
clelaTb MpewnosoxKeHHe, 4TO W3BHBAaHHe pa3pAta 
mpenctaspsiaet coOok Geryulyio abiBeHOBCKy1O 
BOJIHY. OWHaKO 9Ta THNOTEe3a OKAa3aJIacb OWIMOOYHON, 
4TO BHJHO H3 MpHBeCHHbIX B ITOH %Ke paboTe OLEHOK, 
NOKa3bIBaFOWIMX, YTO BpallleHve WIHYpa OKa3biBaeTCA 
MpakTH4¥eckH Oe3HHeplHOHHbIM. Kpome Toro, Kak 
3TO ObINIO OTMe4eHO B 3aMeTKe [43], anbtbBeHOBCKas 
BOJIHa IPH TOM HH3KOH MpOBOAMMOCTH, KakylO HMelIa 
njla3Ma B ycTaHoBke KosymOyc, 3aTyxsa Obl 3a OH 
nepHon KoneOaHnii. CneqoBatTenbHO, BHHTOBON pa3- 
pan B KomymMOyce sBaaeTCA KBa3HCTallHOHapHbiM, 
a erO BpallleHHe CBA3aHO C MeJUICHHbIMH AMdpdpy- 
3HOHHbIMH NpoueccaMu [44]. Kak MbI BHJHM, JOBOJIb- 
HO 6obUIOe YHCMOBOe 3HAYeHHe MapaMeTpa 7, KaK 
pa3 COOTBETCTBYeT HaJIM4YHHO 3aMeTHOTO H3BKMBaHHA 
WHYpa, a JUIMHa BOJIHbI OKa3bIBaeTCA TOTO *e NOpAAKa, 
4TO H NOJY4eHHaA K3 PaCCMOTPeHHA YCTOMYMBOCTH. 


TYPBYJIEHTHAA KOHBEKUMA TIJIA3MbI 


BuHTOBOe H3BHBaHHe LIHypa C TOKOM HaOsOaaJI0cb 
Take Ha TOPOMAaJIbHbIX ycTaHoBKax [45, 46]. Han- 
Gonee nompoG6HO 3TO ABNeHHe ObIIO MCCIeEAOBaHO B 
paSote [46]. 

OaHako, BHHTOBOe HCKPHBJICHHe WIHypa C TOKOM, 
HaOsHOnaBueeca Ha ycTaHopke MAPK IV [46], He 
BNOJHE COOTBETCTBYe€T PaCCMOTpeHHOH 3eCb TeO- 
peTH4eckoii Kaptuue. Jlen0 B TOM, 4TO B paboTe [46] 
BHHTOBOe H3BHBaHHe HaOsHONaOcb WH Np cpaBHH- 
TeJIbHO MaJibix 3Ha4eHHAX 4 (9<2). Tlockosbky cTe- 
NeHb HOHH3aliM Fa3a B ITOH ycTaHOBKe Obi1a CpaBHH- 
TeJIbHO HeBesIHKa (HECKObKO MpOWeHTOB) HW MpoBo- 
JJMMOCTb CHJIbHO MeHAJIAaCb NO palWycy, TO MOXHO 
YMaTb, 4TO B H3BHBaHHe WHYpa 3Ha4MTCJIbHBIN BKIa I 
jlaBasla Take TOKOBO-KOHBCHTHMBHad HeYCTOMYHBOCTh 
(cm. §§ 11, 12). 


10. Typ6yentHas AHy3ua MarHuTHOrO Nos 
10.1. MEPEMEWMBAHME NOJEN 


B §$ 7,9 Mbi HaxOJHJIM pacnpeteseHHe MarHHTHOrTO 
noua B NpoctpaHcTBe B NpHONWKeHHK NpoAOMbHOK 
NpOBOAMMOCTH, T.e. MbI NOJIb30BaIHCb 3AKOHOM Oma 
B ynpouleHHoi tbopme. B HacTosulem Naparpade MbI 
OTKaxKeMCA OT 3TOTO NpHONWKeHMA HM NOcTapaemMca 
BbIACHHTb, K KaKHM BO3MOXHbIM 3PdpeKTaM MOX*eT 
npuBecTH y4eT OTOPOUICHHBIX HAMM paHee KBapa- 
THYHbIX YWICHOB B 3aKOHe Oma. 

Il pennos10%UM ONATb, YTO NPOBOAMMOCTb o = const. 
Tora CXMHCTBeCHHbIM KBapaTHYHbIM YJICHOM B 3a- 
koHe Oma (7.4) 6yner [v’H’]/c, roe v’ — nynbcauna 
ckopoctu, H’— nynbpcauwa MarHuTHOrOo noma. K 
KakKHM MOCJICACTBHAM MIpHBOAMT HaJIM4ne 9TOFO 4WieHa 
MOXKHO Ka4eCTBCHHO BbIACHHTb, OOpaliiadch K pu. 4. 
Kak MbI ye yKa3bIBasId PpaHee, IPH KOHBCKTHBHbIX 
nepecTaHoBkax TpyOKH C T1a3MOli CMeLUalOTCA TAKHM 
o6pa30M, 4TOGLI NO BO3MOXHOCTH MEeHbILIe BO3My- 
ulaTb MarHuTHoe nose. TeM He MeHee, BO3MYLLICHHe 
MarHHTHOrO NOJIA BCe %*e NponcxoaHT. A HMeHHO, 
cMeuleHHaa TpyOka CDE Hemuoro He coBnagzaeT 10 
HallpaBJieHHlO C HCBO3MYLICHHOM CHIOBOH JIMHHeH B 
Touke D: HaTaxKeHHe “BMOpOXeHHbIX» B 3TY TpyOKy 
CHJIOBbIX JIMHHH MpHBOAMT K TOMY, 4TO Ce HaKJIOH K 
OCH Z SABIACTCA HeEKOTOPbIM CpeHHM Mexy ee 
NepBOHaYaJIbHbIM HaKJIOHOM H HaKJIOHOM HCBO3My- 
LWICHHbIX CHJIOBbIX JIMHHH B TOUKe D. 

BenencTBve 39TOrO NpH TypOyneHTHOH KOHBeEKUMH 
nla3Mbl BO3HHKaeT «MepeMelMBaHHe» MarHHTHOrO 
nOJIA: CMCLUICHHbIe TpyOKH NepeHocaT B JaHHylO TOYKY 
CHJIOBbIe JIMHHH M3 COCeEHHX TOUeK H CIPeMATCA, TAKHM 
06pa30M, BbIpaBHHTb lar CHJIOBbIX JIMHHH MO paanycy, 
T.e. MIpHBecTH K pacnpeneneHuto NosA C “~=const. 
C y4eTom 3Toro mpouecca 3aKOoH Oma B mpeHeOpe- 
%*KCHHH TpawHeHTOM HOHHOTO aBsIeHHA MOXKHO TIpH- 
ONMKeHHO 3aNHCaTb B BH: 


4-cH " Dru _€ He oH. 

rot H = “20% {p.-H—"" [uer<| 1) _ Heo } 
(10.1) 

rae Dru=</lv’) — koxpduunent typ6ynenTHOK AHd)- 


(by3HH MarHuTHOrO noma. Bropoe caaraemoe B (pH- 
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b. b. KAJIOMLIEB 


rypHbIx ckoOkax (10.1), Bo3HHKatoulee B pe3ysIbTaTe 
ycpemuenua [v'H']/c, yunTbipaeT KONM4eECTBEHHO 
opekT BbIPAaBHHBaHHA Wara CHJIOBbIX JIMHHi 0 
paauycy B pe3yjIbTaTe KOHBeEKUMOHHOTO BWXKeHHA 
njia3Mbi. Ero Buy BbIGpaH H3 Tex Coo6paxeHHii, 4TO 
OHO JOJDKHO ObITb JIMHCHHbIM OTHOCHTeIbHO NpoH3- 
BOJHBIX OT KOMMOHEHT NOJIA NO paauycy MW uC4e3aTb 
np “= const. 

DhekT aHoMasbuo Gpictpoi suddy3un Marunt- 
HOrO TOJIA MO paauycy B pa3pate C yMepeHHbIM Mpo- 
NOJIbHbIM TOJIEM Obi OGHApyxKeH Ha yCTaHOBKe 3eTa 
[34]. PesynbtatTbr Gonee nozpo6uHoro uccnenoBaHHA 
3TOFO ABJICHHA NPHBeeHbI B HELaBHO ONnyOJMKOBaH- 
HOH paOote JIu3a u Pa36punxKa [47]*. Stu aBropsi 
NOKa3aJIM, YTO BPe€MA YCTaHOBJIeHHA PaBHOMePHOTO 
paciipeteeHHa TOKa no pagnycy (npu 4 <1) oKa3bI- 
BaeTCA 3HAYHTeCJIBHO MeHbIUe CKHHOBOFO TIpH Hayalib- 
HOM JlaBJIeHHH ra3a MeHbuue 20 u. Ilpu yBenmuyeHun 
WaBleHHA Ta3a BbILIe ITOH BeEHYHHbI BpeMA ycTa- 
HOBJICHHA CTAWMOHApHOTO pacnpeseneHuA Noa CcTa- 
HOBHTCA MOpPAKa CKMHOBOTO f;, HO BCe Ke B 2—3 pa3a 
MeHbIe fs. 

B npuuunne, 3anga4y 0 TypOyneHTHOM BBbIpaBHH- 
BaHHH MIOTHOCTH TOKa MO pawWycy MOXHO ObIJI0 Obi 
PelUHTb C TMOMOLIbIO ypaBHeHHii (10.1), 


on _ __crotk (10.2) 
ot 
M ypaBHeHHA TennoBOro GajaHca Cc y¥eTOM TypO6y.IeHT- 
HOH Buddpy3un. Ho nockosbky B TenJOBOM GasaHce 
CyLUECTBCHHY!O pOJIb HrpaeT NoTepsA 9HeEprHy BCIeI- 
CTBHe M3JIy¥eHHA MpuMeceii, TO KOJIMYeECTBEHHOe 
pellleHve 3TOH 3aa4yH HaTasIKUBaeTCA Ha OosbuMe 
TpyaHocTH. TlostomMy MbI OrpaHH4HMcsA 3/1eCb JIMILIb 
Ka4eCTBCHHbIM OOcyxeHHeM BOTIpoca. 

Jlonyctum, ito #<1, uw cnenoBaTenbHO, MOXKHO 





cuuTaTtb Hy< Hz~const. Torna u3 (10.1), (10.2) 
NOJIY4MM: 

0 He c2 @ 1 @ P C a oe (He\ 

a =); ae H,)| + Dru 5, f ae | = )|. 


(10.3) 


Orciona nonyyaem: I1/t&(1/t;)+(l/tr), rae Tt 

BPpe€MA BbIPaBHHBAHHA MJIOTHOCTH TOKa NO pasuycy, 
ts — CKHHOBOe BpeMaA, tTr~DrH/a* — Bpema typOy- 
JeHTHOK ANpdy3un. pw AwaMarHuTHOM KOHBeKLMH 
KooxppuukeHtT Typ6yneHTHOK BHddy3HH MOXHO C4H- 
TaTb MNopsnka /?/f, roe ti=a/vs — MHepUMOHHOe 
Bpems, / — aMHa NepeMewmMBaHus. Takum o6pa30m, 
Ip yyeTe TypOyeHTHOM KOHBEKUMM BpeMA T MeHbLLIe 
f;, M 3Ta pa3HHla TeM GOosbue, 4eM BbILIe TemMMmepa- 
Typa MJla3MbI. DTOT BbIBO KaYeCTBeHHO CorsiacyeTcA 
C 9KCI€pHMeHTaJIbHBIMH aHHbIMH [47]. OnHako 
SKCNEPHMeCHTAaJIbBHO H3MepeHHoe BpeMA T Mp HH3KOM 
WaBJICHHH Ta3a ABJIACTCA OYCHb MAaJIbIM: OHO OKa3bI- 
BaeTCA CpaBHHMbIM C HHeEPpLHOHHbIM BpeMeHeM, B TO 
BpeMA KaK Mp WHaMarHHTHOM KOHBeKUMH BpeMaA 
NepeMeWIMBaHHA MONA, Ka3aNOcb Obl, DOKHO ObITb 
Ha MOps0K Ooubue (T.e. MOKHO ObIIO Obl O*KNDaTb 
lla~10-'), Sto HaBOAMT Ha MOMO3peHnne, 4TO HapsAsy 
C (MaMarHuTHOH KOHBeKLHel B pa3spaie C yMepeHHbIM 


* Cm. Takxe [63]. 
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NpOAOJbHbIM TMOJIEM CyLluecTByeT pyro, MOxerT 
ObITb, Waxe Sonee CHJIbHbIM MeXaHH3M KOHBCKILMH, 
Bo3MOxXHO, 4TO 3TOT MCXaHH3M O683aH KOHeYHO) 
MpOBOAMMOCTH T1la3Mbi, T.ec. OH MOXKEeT OKa3aTbCca 
aHasJIOrM4YHbIM PpaCCMaTpHBaeMOH B Clie NyrOUleH FiaBe 
TOKOBOH KOHBeKUHH. Ha 9Ty MbICIb HaTaJIKMBaer 
TaKXKe IKCIEPHMCHTAaJIbHO OOHapyxKeHHas B [47] 3aBH- 
CMMOCTb T OT HanpsxeHHA OOxona Up. 

TakuM o6pa30M, BPA JIM MOXKHO COMHEBATbCA B 
TOM, 4TO OGHapyxeHHad B paboTte [47] aHOMaJIbHO 
ObicTpasa DHppy3HA Noa CBA3aHAa C TypOyIeCHTHOCTbO 
nla3Mbl. OHaKO JIA OKOHYATeEIbHOTO BbIACHCHMA 
MeXaHH3Ma 9TOH TypOyjeHTHOCTH Tpe6yroTcA Gostee 
NOJIHbIC IKCNEPHMeHTAaJIbHbIe WaHHble. 


10.2. BOSHAKHOBEHHE OBPATHOLO TMOJIA 


Kak Mbl yxKe yNOMHHAJIM BbILUe, MPH yBesM4eHHH 
TOKa pa3pAa MpOMOJIbHOe NOME CHAapyxXU OT pa3psasa 
MeHa#eT 3HaK. OcoOeHHO CHIbHO 9TOT IPdeKT Opin 
BLIpaxeH Ha 3eTe [33], rae BenM4nHa OOpaTHOroO Nona 
COCTAaBJIAJIa IIPHMepHO OJHY YeTBEPTb OT NOJIA Ha OCH 
pa3paa. 

TO ABIeHHe HesIb3aA OOLACHHTb HH CKHHOBbIM 
3aXBaTOM MOJIA, HA AaHH30TPONHei NMpoOBOAMMOCTH. 
Kak 6bIJ1I0 NOKa3aHO IKCICPHMeHTAJIbHO B paGoTe [34], 
erO HeJIb3A OOLACHHTb MH BHHTOBbIM HCKPHBJICHHeM 
Bcero lwuHypa Kak lesoro. K 3TOMy %*e BbIBOAY npi- 
BOQHMT WM TeOpeTHYeCcKOe pacCMOTpeHHe H3BKBaHHA 
WHypa B KBa3HJIMHeHHOM MmpvOnMwKeHHH: Kak ObIZI0 
OTMe4eHO B § 9, cpeaHee Nose Np HeEOONbUIOM H3BH- 
BaHHH MO-lpexHeMy COXpaHseT BHA puc. 5 u He O6- 
HapyXMBaeT TeHJCHUMH K H3MeHeHHIO 3Haka Ha Tepit- 
tbepuu pa3pana. 

KayecTBeHHo 3cekT reHepauwHu OOpaTHoro nons 
MOXKHO MOHATb Ha OCHOBeE MeXaHH3Ma TypOyeHTHO! 
KOHBeCKIMH. 3amMeTHM Mpexe Bcero, 4TO B TOpOH- 
asibHOHK KaMepe TOKOBbIN LIHyp BCeraa HeMHOTO 
CIBHHYT B HallpaBJIeHHH K HapyxXHOH cTeHKe. Ilo9To- 
MY BHYTPH JlaiHepa, Mex Ay ero BHYTpeHHei CTeHKOii 
MH WHYpOM OOpa3yeTca cepnoBuaAHad OGsIaCTb, CHJIO- 
Bbi€ JIMHHH B KOTOpOH NepeckatoT CTeHKH JlaiiHepa. 
Kak paBusio, HMCHHO B 9TOM OGNacTH MW NOABIIAeTCA 
oOpaTHoe moze. 

B typ6yeHTHOM pa3pane B ITY OONAaCTb BCe Bpema 
BbIOpacbiBaloTCA TpyOKH C xOpolio npoBonauieii 
njia3MOH H3 BHYTPeHHHX YacTeii pa3pana. Tipu 3ToM 
oTaeibHaa TpyOka ADB (cm. puc. 4) uckpuBisetca 
TaKHM O6pa30M, 4TO TOJIbKO ee HeOObUIaA 4aCTb 
CDE oxka3bipaetca Ha Nepudepun, a KOHLbI OCTAaHOTCA 
BHYTpH pa3paaa. Ilostomy axe B TOM Culyyae, Kora 
nepudepwiinad cusopaa swMHHa CE wHaksloHeHa B 
oOpaTHylo cTopoHy mo OTHOWeHHIO K Ep, ToK no 
9TOMy y4acTky 6yeT NonpexHeMy MTTH B Ty *e CTO- 
pony ot C k E, Tak Kak nonHasa DIC, npunoxennaa 
Mex ly A 4 B, coxpaHseT CBO 3Hak Ip TaKOM HCKpHB- 
jleHuu. Takum o6pa30m, 3a c¥eT 9TOFO 3dekTa TOK 
B OONacTH OOpaTHOrO MarHUTHOTO NOIA WOJKEH Te4b 
nmpoTuB Ey, 4To W HaOsHOaeTCA B WeCHCTBUTEJIBHOCTH. 

B 3akone Oma (7.4) 9ToT 2xpcbekT MOxeT ObITb 
yiTeH 4wieHoM (o' E’), rae o’ — nyabcauna mposo- 
JMMMOCTH, BO3HMKalOlllad 3a C4CT CMeCLIICHHA HeOHO- 








nyJIb 
M 
HeKO 
He 1 
npOE 
coce, 
3aMé 
(1/2) 


dH: 
Tak 

npHi 
nyHl 


4TO 
Ec u 
Tep: 
Bae’ 
MOC 
Ha | 
nu4 
4H 
4HC 
np 
Mat 
B03 
10s 
pal 
3an 


He’ 





) KET 
LLM, 
1HOW 
T bcs 
laBe 
Bael 
aBH- 


CA B 
IbHO 
Tbk 
>HMA 
dee 


‘HAH 
Aa 
Ob 
[OIA 

OCH 


3bIM 
CTH. 
[34], 
eM 
IpH- 
HA 
bIJ10 
3BH- 

06- 
>pu- 


Ons 
HOW 
OH- 
loro 
ITO- 
Koi 
1J10- 
opa. 
TCA 


eMa 
niei 
TOM 
TCA 
\CTb 
TCA 
ra 
1 B 

m0 
‘TO- 
Has 
)MB- 
TOK 
e4b 
TH. 
bITb 
)BO- 
|HO- 





pouHo MpoBoamuei mia3mMbl, a E’ — nysbcaunsa 
gieKTPH4eCKOrO TOJIA, NMOABIAIOWIAACA BCJICACTBHe 
nyIbCalMH MpOBOJMMOCTH. 

MoxHO CKa3aTb, 4TO C y¥eTOM KOHC4HOCTH / TOK B 
HeKOTOpOH TOUKe MpocTpaHctBa OyzeT ONpeaeNATBCA 
He TOJIbKO MpOBOAMMOCTbIO B JaHHOH TOUKe, HO HK 
npOBOJMMOCTbw H HallpaBsieHHeM MarHUTHOTO M014 B 
coceHHX TOUKAaX, 4TO NpHOHKeHHO MOXKHO y4ecTb 
3aMeHOH BeIMYMHbI CE,H- B ypaBHeHHH (7.5) Ha 
(I 2) [(cEyHz)r I (cE,H=z), i]. 

Orctoda BUAHO, YTO Npv KOHeYHOM / Npon3BO HAA 
dH-/dr MoxeT ObITb OTIM4HAa OT HyIA NpH H-—0, 
Tak 4TO pacnpezeseHHe MpOAOJbHOTO MONA NOJDKHO 
IpHHATb BUA, KAaYeCTBeEHHO MpeCTaBJIeHHbIi Ha pc. 5 
nyYHKTMpHOH JIMHHeH. 

B npeabinyuiem naparpade Obiio ycTaHOBJIeHoO, 
yTO NIpH yBesIM4eHHH Ey BbILLIe KPHTH4eCKOLO 3Ha4eCHHA 
E- WHyp B NpHOsHxKeHHH NpOAOJbHOK NMpoOBOAMMOCTH 
TepseT OCeEBYHO CHMMeTPHW, a Napametp 7 3amopaxH- 
saetca. Ho B npHOnMwxKeHHM NpoOONbHOK NMpoBosH- 
MOCTH MbI HCKYCCTBCHHO pa30HBaJIM JBMXKeHHe LIHypa 
Ha NlyJIbCallMOHHOe C MacuITaG0omM /<a KM MaKpocko- 
NM4eCKOe, ONMCbIBAaeCMOE NOCpeCTBOM CpeHHX BeJIN- 
yuH. B feicCTBUTeNbHOCTH Takoe pa30HeHHe HOCHT 
YHCTO YCIOBHbIM XapakTep, H MOXHO JIYMaTb, 4TO 
mp NMpHOWKeHHH K KPHTHY¥eCKOMy palycy LWIHypa 
mMacuiTaG6 M aMMIMTyHa MybCalMOHHbIX JBWOKeHH 
BO3pacTaloT, 4TO OONeryaeT reHepauMto OOpaTHOrO 
noid. Kak MbI yxKe OTMe4aJIM, B IKCIIEPHMeHTe reHe- 
pauua OOpaTHOrO MOA MMeeT MeCTO Kak pa3 TIpi 
3aMOPOXKEHHOM 3Ha4eHHH 4, 


TOKOBAA KOHBEKLIVA TJIA3MbI 


11. TokoBo-KOHBeKTHBHaA HeyCTOH4HBOCTL 


Kak MbI BHeJIM BbILe (CM. §§ 3, 4), KOHBEKTHBHY!0 
HeyCTOHYHBOCTbh MOXHO paCCMaTPpHBaTb Kak pe3yJib- 
TaT TOTO, YTO IICKTPOHbI K MOHbI B MarHHTHOM ToJie 
ApeitpytoT B pa3Hble CTOPOHbI (TOUHEe, 4YTO HX CKO- 
pocTu apeiidba He CoBnagatoT Mexay coGoii). 3necb 
MbI MlOKaxKeM, 4YTO NP HaJIM4YHH NMpOAONbHOTO Biek- 
TpH4eCKOrO TOKa NOABIIACTCA AHANOrMYHaA NpHinha 
WIA BOZ3HHMKHOBCHHA HeYCTOHMYHBOCTH, KOTOpylO MbI 
O6yeM Ha3bIBaTb TOKOBO-KOHBCKTHBHOH. 

PaccMOTpuM CJIeyHOWylO Mpocteiulylo 3ama4y. 
[lycTb No nula3Me, HaXODALIeHCA B OHOPOHOM Mar- 
HATHOM nose H, Tevet TOK j=oE, Hactonbko cnaGpiit, 
4TO CO34aBaeMOe HM MarHHTHO!e MOse mpeHeOpexHMo 
MasliO 10 CpaBHeHHto c H. JlonycTuM, 4TO B paBHO- 
BECHOM COCTOAHHH MpOBOAMMOCTb Mjla3Mbl H3MeCHs- 
eTcad NomepeK MarHHTHOFO MOJIA, T.e. ABIACTCA, CKa- 
*KeM, (PyHKuHei OT x. JIA ONpeneNeHHOCTH MpeaNnos0- 
KUM, 4TO GO YMeHbulaeTcA Cc x, Tak 4TO da/dx<0 
(cm. puce. 8). 

PaccMOTpuM Teflepb Masloe BO3MYLUICHHe I11a3Mbl, 
cocrosulee B HeOOsJbUIOM CMeLICHHH B HalpaBsieHHu 
ocu x cnoa ABCD, HeckonbKO HaKJIOHeCHHOrO K OCH. 
Tak kak Ip TaKOM CMeLICHHH MpOBOAMMOCTb B Kax- 
OH HeENOABHXKHOH TOUKe ITOTO COA BO3PacTaeT Ha 
BeJIM4MHY 


. do 
o —& (11.1) 


dx 4 


TYPBYJIEHTHAA KOHBEKLINA TIJIA3MbI 


TO B LeEJIOM 9TOT CHO OyneT OONaAAaTb NOBbIICHHO 
llpOBOAMMOCTbW MO OTHOLUCHHHO K OKpyxXatollei ero 
l1a3Me. 3a C4eT ITOFO NPOAONbHbIi TOK B CMCLLCHHOM 
coe B MepBblii MOMCHT HeCKOJIbBKO BO3pacTeT, H Ha 
erO TpaHH4HbIX NMOBEPXHOCTAX BbICTYNAT 3apsAbl, 
NOJOKUTCIbHbIA Ha BepXHe H OTPHUaTeIbHbI Ha 
HWKHeH, KOTOpbIe MpKBeayT K NOABICHHIO Takoro 
IIEKTPHYECKOFO NOMA, KOTOpPOe BOCCTAHOBHT NpexuHee 
3Ha4eHHe TOKa B Cy10e. 

Ho ecu cnoi ABCD naksioneH K OCH 2, Kak NoKa- 
3aHO Ha pH. 8, TO BOSHHKAaOIIAA 3a CYeT ITHX 3apa- 
OB NOnepewHad KOMMOHEHTAa IICKTPH4ecKOorO NOMA 
Ey’ npusenzet kK Apeiidby B HanpaBneHHH NepBoHayasib- 
HOrO CMeLICHHA, H CJC OBaTeJIbHO, BO3MylUeHHe Gy tet 
HapacTaTb BO BpeMeHH. TaKHM oOpa30M, m1a3Ma C 
NpOAOJIBHbIM TOKOM ABJIACTCA HEYCTOMYHBOH NO OTHO- 
LUCHHIO K BO3MYLUCHHAM KOHBCKTHBHOYPO THMa, COCTaB- 
JAIOWUMM HeOObWOH yros C HanpaBseHHeM MarHHT- 
HOrO NOJA. 

Haiiazem WHKpeMeHT HapacTaHHaA TaKHX BO3My- 
weHHi. Jd MpOCTOTbI paCCMOTPHM JIOKaJIbHbIe BO3- 
MYLUCHHA, JJIMHa BOJIHbI KOTOPbIX MHOFO MeHbIlIe 
XapakTepHOHU WJIMHbI, Ha KOTOPOH NpOWCXOAMT 3aMeT- 
Hoe M3MeHeHHe MpoBpoaumocTH. Jia TaKHx BO3My- 
LWCHHH MOXKHO BOCIOJIb3O0BaTbCA KBa3HKIaCCHYeCCKHM 
npHOMxKeHHeEM HM BbIOpaTb 3aBHCHMOCTb OT KOOpAH- 
HaT MH BpeMeHH B Bue exp (7¢-+-ik-r). Mpeanonoxum, 
4TO MpOMONbHOe MarHHTHOe NONE HaCTOJIbKO CHJIb- 
Hoe, 4TO YacToTa  aJsib(BeHoBCKHX KoeOaHnii 
Cakz=kzH (42nM)-*? muoro Gonbue v. Torna BO3- 
MYLUeHHe MarHuTHOrO noua GyeT O4eHb Maso, H 
CNeMOBaTeIbHO, B TaKHX KOJIeGAHMAX IIeEKTpHYecKoe 
nose MOXKHO CYHTaTb Ge3BHXpeBbiM, T.e. E’ ik®’. 
B paccMaTpHBaeMOM HaMH 3/1eCb npHOMKeHHH HC4e- 
3alOlle MaJIOrO DaBeHHA Na3Mbl NO CpaBHeHHW Cc 
aBJICHHeM MarHHTHOrO NOA NoMepeyHble CKOPOCTH 
QIEKTPOHOB HM HOHOB COBNAMalwWT HM paBHbl CKOpOCTH 
gekTpH4eckoro Apelida: 

. ,E icky , 6 
Vv. =v H D’. (11.2) 

BcneacTBHe paBeHCTBa CKOpocTeii NonepeyHasd KOM- 
NOHEHTAa IICKTPH4eCKOFO TOKa OTCYTCTBYeT, WM BeJIH- 
4HHa MpOAOMbHOTO TOKa OCTaeTCA HeEH3MeHHOK, T.e. 


ik.o PD’ 


Eo’=0. (11.3) 








Puc. 8 Bo3HHKHOBeHHe TOKOBO-KOHBeKTHBHOHM HeycTOH4H- 
BOCTH. 
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b. Bb. KAJOMLIEB 


V3 ypasuennii (11.1) — (11.3) HaxoaMmM MHKpemMeHT 
HapacTaHHA PpaCCMaTPpHBaeMbIX HaMH BO3MYLICHHi: 


ky cE de 
al (11.4) 


Ho ax’ 


Kak MbI BHJJMM, HHKPpeMeHT BO3pacTaeT Mp yMeHb- 
weHHH kz, T.e. 39T&a HeyCTOMYHBOCTb NpHBOMT K 
nepecTaHoBke TpyOOkK C M1a3MOH, CHJIbHO BbITAHYTbIX 
BOOJIb CHJIOBbIX JIMHHM MarHuvTHOrO nossa. [pu 
o—>co TIpOAObHOe BIeKTpHYecKoe Nose E=j/o cTpe- 
MHTCA K HYJIKO, H TOKOBO-KOHBCKTHBHad HeyCcTOMyH- 
BOCTb OTCYTCTBYyeT. 


12. Heycroitunpocts nojo0xHTebHOrO cTo16a B Mar- 
HHTHOM HOJle H JaMHHApHaA KOHBeKUHA 


VU neanbHbiM OObeKTOM JIA MCCACOBAHHA TOKOBOI 
KOHBCKUMH ABJIACTCA MOJOXKUTCIbHbIN CTONO TJIeHO- 
ulero pa3pata. DKCNepHMeHTaJIbHO «AaHOMAaJIbHaA» 
AMPpy3HA Nia3Mbl NOMOXKUTeNbHOrO CTom6a Monepek 
MarHHTHOrO NosA Obiia OOHapyxeHa JleHepTom [48] 
H 3aTeM Goviee NOApOGHO OHa GbiJia M3y4eHa B paboTe 
Jlenepta u Xy [49]. B stHx pa6otax u3y4asacb 3aBH- 
CHMOCTb TIpOAOJIbHOrO 3eKTpH4eckoro nona E oT 
MarHuTHOrO. B nONOXKHKTeIbHOM CTOJIGe yMeHbLUcHHe 
kooppuuKeHTa Ahpy3KK NpHBOAKT K YMCHbLICHHIO 
E, 4 mo3Tomy Mp Kylaccn4eckoH AupdPy3nuK WieKTpH- 
yeckoe nose E 20JDKHO ObII0 Obl MOHOTOHHO Cra aTb 
np ysermuenun H. Takada 3aBucumMoctb E ot H 
eHCTBUTeIbHO HaOsOAaeTCA B 9KCNePpHMeHTe, HO 
TONbKO Mp He OYeHb CHJIbHOM MarHHTHOM Tove. 
Ecnu none H npepocxoauT HekOTOpylO KpuTHYeCcKylO 
BeM4nHy H., TO 3aBMCHMOCTb E(H) pe3Ko H3MeHs- 
eTCA: 3eKTpHM4eckoe NOsIe HaYHHaeT CpaBHHUTeJIbHO 
ObICTpO BO3PacTaTb, 3ATeM ITO BO3PaCTaHHe HECKOJIb- 
KO 3aMeJIAeTCA, HM Mose MOCTHraeT HeKOTOpOrO 
HaCbILUeHHA (CM. pH. 9). 

OObsacnenve 22XpdekTa HapyuieHHis MOHOTOHHO! 
3aBucumMocTH FE oT H Ha OCHOBe MeXaHH3Ma TOKOBOI 
KOHBeKUMM ObLIO WaHoO B paOoTe aBropa u Hegocna- 
cosa [50]. Mockonbky npoBogzHMoctTb ciaG0 HOHH30- 
BaHHOH MWa3Mbl MpONOpuMOHaTIbHa ee MIOTHOCTH, 
TO B CHJIbBHOM MarHHTHOM Movie cnawaroulee K CTeHKe 
pacnpeaeseHve NJIOTHOCTH M1a3MbI NO pawvycy WOJK- 
HO 6bITb HeyCTOHYHBbIM. OnHako, 4TOObI 9Ta HeyCTOH- 
4YMBOCTb eHCTBHTeCJIbHO MpOABHJIacCb, MarHHTHOe 
nose OJXKHO ObITb DOCTAaTOYHO CHJIbHbIM. DITO Cule- 
myeT M3 CuleAyHOUNXx CooOpaxeHHii. 

Bo-nepBbix, ecIM y4eCTb NonepeyHylO NODBHK- 
HOCTb HOHOB, TO npH kz—>-0 uHKpemMeHT He OyzeT yxe 
BO3pacTaTb HeOrpaHH4eHHO, MOCKOJIbKy BO3HHKalO- 
WH B HanpaBseHHH NonepewHoro 3iekKTpH4eckoro 
nossa Ey’ MOHHbIM TOK NpHBOAMT K yMeHbUIeHHHO EF)’. 
B pe3yJibTaTe, BbIpaxkeHve JJId MHKpemMenta (11.4) 
M3MCHACTCA CJIEAYIOWULMM OO6pa30M: 

cE dan 


"= Hn dz 


ky kz 


. > 
kz? + (bj/be) (k ) 2 /Qy* 757)’ (12.1) 


roe bi, be — MOHHAA HU IICKTPOHHAA MOABMXKHOCTH, 
Q24=eH|Mc, 1/t — yactota coynapenui HOHOB Cc 
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Puc.9 3aBHCHMOCTb MpOAOMbHOrO 92IeEKTpHYeCKOrO NONA B 
NOJOXKUTEIbHOM cTOnNGe OT MarHHTHOrO noma (He, ap= 0,9) 
[49]. 


aTOMaMH HeiTpaJIbHOro ra3a (pH BbIBO Te (12.1) npen- 
nosaranoch, 4to Qy 1) >1). Cormacno (12.1) uHKkpe- 
MeHT ¥ He MpeBOCXOJUMT 3Ha4eHHA Vm: 


| be 


d(Inn) l 
ij 4 
g BY f, 


Vm Uo i? Up 


(12.2) 
KOTOporO OH 
(bi/be)/*?< 1. 

Bo-BTOpbIX, MpH He O4eHb CHJIbBHOM MarHHTHOM 
nose B BbIPaxKeCHHH JWIA HHKPeMeHTa HYXHO y4ecTb 
3aTyxXaHHe 3a C¥eT NonepeyHonK Auddpy3un. Tak Kak 
9TO 3aTyXaHne ObICTpO yMeHblUaeTCA Np yBesIM4eHHH 
MarHHTHOrO MOJIA, TO NONOXKUTEIbHbIN CcTONO No- 
repseT YCTOMYMBOCTb, CCIM MarHHTHOe Nose NpeBbi- 
CHT HEKOTOpOe KpHTHY4eCKOe 3Ha4eHHe He. 

[IpH 9TOM HeyCTOHYHBOCTh DOJX%KHa BO3HHKHYTb, 
O4eCBH HO, Ha BO3MYLUICHHH C MaKCHMaJIbHO BO3MOxX- 
HOH NonepesHOH WIMHOH BOJIHbI, Tak Kak 3aTyXxaHHe 
TaKOrO BOSMYLUCHHA 3a C4eT NoNnepeyHoOK DHpy3un 
MHHHMMaJIbHO. Takoe BO3MYLIICHHe HMeeT BH, BUHTO- 
BOrO HCKPHBJICHHA WIHypa. 

Pacyet no Takoii cxeme [50, 51] npnBoguT K 3Ha- 
4YCHHAM KPHTH4eECKOFO MarHHTHOTO MOJIA, XOPOLO 
COrslaCyFOULMMCA C IKCIEPHMeHTAaJIbHO H3MePpeHHbIMH. 
JlonosHuTesbHOe NOATBepxKAeHHe MpeAaraemoro 
Me€XaHH3Ma HeyCTOHYHBOCTH ObLIO aHO B paGoTe 
Maina u gp. [53], rae noka3aHo, 4TO na3MeHHbiit 
WHYp MeHCTBUTeIbHO CTaHOBHICA BUHTOBBbIM IIpH M0- 
Jie, H€ HaMHOFO MpeBbiwiaroulemM KpuTHYecKoe. Jha 
TakHX 3Ha4eHHH MarHHTHOTO MOA KOHBEKUMKO MO%X- 
HO C4HTaTb JIAMHMHAapHOH, a BOSHHKAIOLLYWO BCE ACTBHe 
Hee yTe4Ky YaCTHLL MOXHO pacC4HTaTb B KBa3HJIMHe;l- 
HOM NipwHOsMwxKeHMM. Tako pacueT aA rena npH 
HEKOTOPOM OMpeesIeHHOM 3Ha4eHHH JaBsieHHA Heii- 
TpaJibHoro ra3a Obi npoBezeH B paGote [50] u nan 
xopoumiee corjacHe C 9KCMepHMeHTaJIbHO 3aBHCH- 
MOCTbIO BIJIOTb 20 3Ha¥eHHA H= 1,5 H., np KOTO- 
POM KOHBCKIUMOHHaA yTe4Ka 4acTHIL Ha CTeCHKH B 
4eTbIpe pa3a MpeBOCXOAMT yTe4Ky, NOACYMTAHHYy!O M0 
KIaCCHYECKOMY KOIPPHUMEHTY AHpdpy3uu (CM. puc. 9). 

Oauako, npu H> 1,5 H- pacyetHas 3aBucumoctTb E 
oT H CHJbHO PpacXOAMTCA C IKCNEPHMCHTAJIbHO H3Me- 
peHHoi. BMecte c Tem, Camu KOsIeGOaHHa B M1a3Me Tp 


mocturaer mpu kz/ky = (1/Qurti) 





Puc. 
3aBH 
[49]: 
[54] 


yBe. 
xap 
HOD 


60. 
4HI 
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no 
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Puc. 10 Dnexktpuyeckoe none Bs tTyp6yneHTHOM crTos6e B 
3aBMCHMOCTH OT aBsIeCHHA HeTpabHOrO ra3a. 

(49): —a=1, A —a=0,76, — a=0,535. 

[54]: - —a=1. 


yBesIMYeHHH MarHHTHOTO TMOJIA TepAroT peryJIApHbiit 
XapakTep, 4TO yKa3biBaeT Ha Mepexoy K TypOy.1eHT- 
HOMY Pe@oxKHMY. 


13. TypOy 1eHTHaa KOHBEKUMA 11a3MbI NO1OKHTEJIBHOrO 
cron6a [53] 


PacCMOTpuM pa3paAJ, B OYCHb JUIMHHOM HenpoBols- 
wei TpyOke paguyca a Np MarHiTHOM Nose, MHOrO 
6ombueM KpHTHYecKoro. B TakOoM pa3psa ue K HeyCcTOH- 
YABOCTH NPHBOMT WAMPOKHH KaccC HaYaJIbHbIxX BO3- 
MYLUCHHH, HO B NepBylO O4epe db NOABATCA, OYCBH AHO, 
TakWe, JIA KOTOPbIX HHKPe€MeHT NMpHHHMaeT MaKCH- 
MajIbHOe 3Ha4eHHe (12.2). 3ameTHM, 4TO ITOT HHKpe- 
MeHT CXOJI€H C HHKP€MeHTOM HapacTaHHsA BO3MYILIIe- 
HHi B HCOAHOPOAHOH XKHAKOCTH, HaxOauleiica B 
nopucTow cpeze (cm. (2.4)). 

Tak Kak Mlonepe4yHoe JBHXKeCHHE NPOHCXOAHT 3a C4eT 
glekTpHyeckoro Apeiitda v=c [HVq]/H*, a 9To ABH- 
*KCHHE ABJIACTCA HECHKUMACMBIM, div v= 0, To KapTHHy 
nepeHoca mla3Mbl monepekK MarHHTHOrO MOA B 
NOJIHOM CMbICI€ MOXKHO Ha3BaTb KOHBCKIIMOHHOH: 
apyxKeHHe 060K TpyOKH c nia3Moi B CTOpoHy cTe- 
HOK CONpoBOxaaeTcA OOpaTHbIM TeYeHHeM ApyrHx 
TpyOok. BcnenacTBHe HeyCTOHYMBOCTH B pa3psa ze NosB- 
AKOTCA BHHTOBbIC TpyOKH Cc mMa3MOil, KOTOpbie 
BbITeKalOT M3 pa3pAa HW TMOHYT Ha CTCHKAaX, a BMeCTO 
HUX BHYTPb pa3psa BTeKalOT «My3bIpH» Oe3 My1a3MbI 
(ecru ObI pa3panqHaa TpyOka Obina MeTasM4ecKOoi, 
TO Takoe BTeKaHHe Ob110 Obl 3anpeuleHo). Ho 9TH 
TpyOkH — «Ny3bIpH» B CBOKO O4epe db HEYCTOMYMBBbI, TAK 
KaK Ha HX rpaHHle pa3BuBaloTca Goslee MeJIKO- 
MacluTaOHble BO3MYLUCHHA. TakHM OOpa30M, B I1a3Me 
pa3BHBaeTCA LUMPOKHH CeKTP pa3JIM4HbIX NybcauHii, 
M BCA KapTHHa mpHoOpetaeT xaoTHY4ecKHii, TypOy- 
J@HTHbIM XapakTep. 

Morok 3apsxKeHHbIX YaCTHL Ha CTeHKy B TypOyJIeHT- 
HOM pa3pae ONATb HaXOQMM Kak q=(n'v'), rae 
n' =I dn/dr, / — anwna nepeMewiMBaHHA, a NyJIbCallHto 
CKOpOCTH v’ MO aHasOrHH C JBYXKCHHEM XHIKOCTH B 
NOpucToH cpese MOXKHO MpecTaBHTb B Bue wv’ 
ug n/n. OTcroaa Nosyyaem: 


>» | (dn\ 
q = u, /? ~ | y. 


dr 


(13.1) 


TYPBYJIEHTHAA KOHBEKLIUVA TJIA3MbI 


[Ip pa3paue B HenpoBossauiei TpyOke creHKH He 
OKa3bIBaloT CTaOHIH3Hpyloulero AelicTBHA Ha MyJIb- 
CallMH, H NOITOMY NO aHasOrHHu co cBOGOAHO Typ6y- 
J@HTHOCTbIO B 3aTONMJICHHOM CTpye ecTecTBeHHO 
BbIOpaTb JWIMHY NepemMewiMBaHHa / He 3aBHCALUeH OT Fr 
H NponopunoHnabHoW a, T.e. //a=s= const. 

3Had g, HCTPyHO pelHTb COOTBETCTBYIOLIYHO AHKip- 
(by3MOHHytO 3ana4y MW HalTH pacnpenenenuHe NJIOT- 
HOCTH 3JICKTPOHOB ” NO paauycy B TypOyeHTHOM 
pa3palle. ITO pacnpeseenue 3aMeTHO OTJINYAETCA OT 
oObi4HOrO pacnpenesieHHaA no dbyHKunn Beccensa B 
cTopony Soubiuero KOHTparHpoBaHHa K OCH pa3paza 
[53]. Benuunny s=//a MOKHO ONpezeHTb NO 9kKCHepH- 
MCHT@JIbHbIM JaHHbIM JleHepta wu Xy. [pu 9Tom 
yaoGuee Bcero HCHOJIb30BaTb TaKHe 3Ha4eCHHA MaBsJie- 
HHA p, WIA KOTOpbIX TypOysIeHTHaA yTe4uKa YaCTHL B 
TOYHOCTH CoBNagaeT C AKpy3HOHHOH yTeuKoi Ge3 
MarHHTHOoro nossa. Jia pa3HbIX fa30B BesIM4HHa 
s=//a Oka3bIBaeTCA HECKONbKO pa3H4HOK: aaa He 
s=0,15, ana H, s=0,10 uw ona N, s=0,12. Kak u B 
ryp6y1eHTHOK cTpye //a Oka3bIBaeTca nopsaaka 10-'. 

3HaA S, MOXKHO paCC4HTaTb 3aBHCHMOCTb NOsA 
HacbileHHa FE; oT faBseHua p. Tako pacuer Obi 
npowetan Wiac remma mnpw s=0,15. Cpapnenne pac- 
4Ye€THOH 3aBHCHMOCTH C 9KCIICPHMeHTaJIbHO H3MepeH- 
HOH npuBezeHo Ha puc. 10. Mo ocu aGunce oTnOxeHO 
ap, NO OCH OpAMHaT — OTHOWeHHe 4,= E./E, anexTpu- 
yeckoro noma Ey npu H> H. kK 9neKTpH4eckomy Nos 
Ey B OTCYTCTBHe NpOAONbHOrO MarHHTHOrO ows. 
Kak MbI BHJMM, pacueTHad KpHBad XOpOWO corsa- 
cyeTCA C 9KCIICPHMeHTaJIbHO H3MepeHHOH 3aBHCH- 
MOCTbHO 4,(ap). 


14. Typ6y.1enTHas yTe4kKa 4acTH M3 pa3psAa B CH.ILBHOM 
MarHHTHOM mo.te [55] 


MexaHi3M TOKOBOH KOHBCKLIMH ABJIACTCA HACTOJIBKO 
CHJIbHbIM, 4TO B TJICIOUICM pa3pate OH NMpHBOAMT K 
yTeuke 4acTHL TOrO *e NOPAAKa BeIM4MHbI, 4TO HM Ge3 
MarHHTHOroO Nous. Mostomy 6biio GbI cTpaHHo, eciM 
Obl 9TOT MCXAHH3M HHKaK He MPOABIIAJICA B CHJIbHO- 
TOYHbIX pa3pAaX, TaKHX, KaK HalpuMep, B CTesapa- 
rope [56] uu“ ToKamake [57], Tem Gonee, 4TO cama 
HeYCTOHMYMBOCTL BO3HHKaeT JIMUIb BCeACTBHe rpa- 
MeHTa MpOBOAMMOCTH, KOTOpbiii HaBepHsAKa OIDKeH 
ObITh H B NONHOCTbIO HOHH30BaHHOH Ma3Me, eC 
TOJbKO ee TemMMepaTypa MeHseTCA Nonepek pa3- 
pala. 

Bo3Hukatoulad BCIeACTBHe HeyCTOMYHBOCTH KOH- 
BeKUMA JOJKHA MPHBOMTb K OXJIaxKCHHEO 11a3MbIi 
yreuke 4acTH M3 pa3spana. UToObl OUCHHTb BeHYHHY 
9TOH yTreuku, OOpaTHMcaA onsaATb K dopmyste (11.4). 
Tak KaK MpOBOJHMOCTb NOJIHOCTbIO HOHH30BaHHOI 
nla3Mbl NPOnNOpuMOHnabHa TeMMepatype WIeKTPOHOB 
B cTeneHH 3/2 MH He 3aBMCHT OT MJIOTHOCTH, TO BesIH- 
unHy (l/c) do/dx sB (11.4) MOxHO 3aMeHHTb Ha 
(3/2)(1/T)dT/dx. Kpome Toro, B BbipaxkeHHH sa 
MHKpeMeHTa CyIeyeT yuecTb 3aTyXaHHe 3a C4eT pac- 
CacbIBaHHA dsyKTyauHii TemMnepaTypbil BcCrezCTBHe 
TeNMONpPOBOAHOCTH. Tak Kak TeNJOMpOBOAHOCTb NOo- 
nepeK MarHHTHOrO MOJIA 3HAYHTeJIbBHO MeHblUe Npo- 
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b. B. KAJIOMLIEB 


OJIbHOH, TO CKO MOXKHO TipeHeOpe4b, MH Tora BbIpa- 
*KeHHe IIA v NIpHMeT BH: 
Se ee (14.1) 
2 ke AT dz . 
rue yy — TeMNepaTyponpoBoaHOCTh 
BOJIb MarHHTHOFO MOUIA. 

Kak BHHO H3 BbIpaxeHua (14.1), HanGonbuMM 
HHKP€MCHTOM ONATb OOaalOT BO3MYLICHHA, CHJIbHO 
BbITAHYTbI€ BJOb MarHHTHOTO Moms. T.e. c kz->0. 
Ho B peayibHbix ycnosuax kz He MOXeT ObITb CKOJIb 
yrOHO MaJIbIM. JleicTBUTeJIbHO, B Mea sIM3KpOBaHHoON 
3alaie, pacCMOTpeHHOW B § 11, MarHHTHOe nose c4uH- 
TaslOCb COBeCpLIeHHO OHOpOaHbIM. Ha camMom xe 
nese TeKYLIMH NO My1a3Me TOK CO34aeT a3MMYTaJIbHOe 
MarHuTHoe none Hgy2arj/c, BcmeqcTBMe 4ero CH- 
JOBbI€e JIMHHH CTaHOBATCA BHHTOBbIMH C LlarOM 
/=2 nrH/HecH/j. Cornacno ycnosuto Kpyckasa- 
IWadpanosa war / nomen GbiTb Gombe Ly — IMHbI 
o6xofa Topa, Tak Kak HHa4e LWHYp C TOKOM B CHJIb- 
HOM TIpOOJbHOM Nose SyneT HeyCTOHM4HB OTHOCH- 
TeIbHO H3BHBaHHs. OObIMHO MaKCHMaJIbHbIii TOK B 
pa3pane BbIOHpaeTca OnH3KHM K 3TOMYy Mpesesy. Tak 
Kak IIJIOTHOCTh TOKa He ABJIACTCA MOCTOAHHOH M0 
CeYeHHb, TO war / MOxKeT H3MCHATLCA B 3ABHCHMOCTH 
OT paaMyca Ha BesIM4HHYy Toro xe NopankKa. Tlostromy 
fiBe CHJIOBbIe JIMHHH, HaXOJMBLUMeCA Ha paccTOAHHM 
Ax=2n/kx Apyr OT Apyra mo paguycy, pa3soiimytca Ha 
pacctosHve /Ayz/x// Tp ABYWXKCHHM BOIb ITHX 
JMHHH Ha QMHy Zz. Ho npu Ay = 27/ky MarHuTHoe 
NOJe ye HEIbCA CUMTATb OAHOPOAHbIM JIA WaHHOrO 
BO3MYLUCHHA, H CieOBaTebHO, kz He MOXeT ObITb 
MeHbluue 2 tky//kx, T.e. npHOnwKeHHO, NO NopsKy 
BeJIM4HHbI, 


9J1eKT pPOHOB 


(14.2) 


roe kype27/Lp. 
ky~10-°. 

B typOysleHTHOH na3Me C pa3BATbIMM IyJIbca- 
UMAMHM MOXKHO CYHTaTb ky~kx. Torna u3 (14.1), (14.2) 
NOIY4HM TIpHOHWKeHHO: 


3 k,Ec aT _ 
2k, HAT dz 


Tins cTeéjifapatopa UH TOKaMaKa 


Vmax x k,?. (14.3) 

Ortcioa BUAHO, 4TO K HeyCTOH4YHBOCTH NpHBOLAT 
TOJbKO TakHe BO3MYLUCHHA, Y KOTOPbIX JJIMHa BOJIHbI 
Ax=27/kx ROCTaTOYHO Masia. A nockoubKy Ax 1OsDKHa 
ObiTb GONbWIe NapMOpoBCcKOrO pagMyca HOHOB, TO 
oTcioda cilenyeT, 4TO NpH oOYeHb GonbuIO Tens0- 
IIPOBOZHOCTH 3JIEKTPOHOB (T.e. NpH BbICOKOH Temme- 
paType M CpaBHHTeJIbHO MalOi MAOTHOCTH) TOKOBO- 
KOHBCKTHBHadA HeYCTOHMYMBOCTh OJDKHa OTCYTCTBO- 
BaTb. Kak MOKa3bIBalOT OL[CHKH, YCJIOBHA B CTesIapa- 
TOpe H TOKaMaKe TaKOBbIl, 4TO 9Ta HeYCTOMYHBOCTL 
elle CyllecTByeT, HO NpH asibHeiiwieM NOBbILUeCHHU 
TeMMepaTypbl NOJKHAa MpeKpaTHTb CBOe CYLILeCTBOBAa- 
HHe. 

Ec HeyCTOHYHBOCTb HMeeT MECTO, TO pa3BKBal0- 
ulasaicA BCJIECTBHe Hee KOHBeKUMA MpHBeseT K TeN0- 
BOMy NoToKy q=nyrd7T/dr, roe nyrendervmax — 
Kooxppuunent TypOyneHTHOH TensONpoBOAHOCTH, 
Ax — MaKCHMaJIbHad JJIMHa BOJIHI, Jd KOTOpO ele 
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Vmax >0. Hapany ¢ TensOBbIM NOTOKOM KOHBeK- 
LWHOHHOe NepeMeLUMBaHHe MpHBOMT K yTe4Ke YacTHU, 
CoorseTcTBylOuiHit pacer, JeTasu KOTOporo Ony6un- 
KOBaHbI B g“pyrom mecte [55], mpuBonuT xk 
cilenyrouleh dopmysle IA BpeMeHH %KH3HH M1a3MbI: 


1 1 
A a [vszx\* | H \? 
= = — hs 14. 
” N4/* vw, | Ly - E (14.4) 
rae a — paauyc OrpaHuw4eHHOro AMadparMaMH wWnhy- 
pa, vs=(7/M)"? — ckopoctb 3Byka, L, — asna 
o6xona, 7 — TeEMMepaTypONpOBOAHOCTh 3/1IeKTPOHOB 


BOJIb MarHHTHOrO noma, N — yncno AMadparm, 
A — 4MCJICHHbIM MHOXKUTeIb NOpAAKa CAHHHLBbI. 

MogcuutaHHoe no (bopmy.ie (14.4) Bpema xH3HH 
¥YacTHL B pa3paAue NO NOPAAKY BeJIMYHHbI COBMaaeT c 
9KCNe€PHMeHTaJIbHO H3MeCPeHHbIM. ITO MOKa3bIBaeT, 
4TO M€XaHH3M TOKOBOM KOHBeCKIMH MOXKeT aBaTh 
3AMeCTHBIM BXOX B YyTe4Ky YaCTHI M3 pa3psAsa, 
HaOstogaemyto Ha OMbiTe. 

K coxkasieHHlO, pa3pexKeHHad BbICOKOTeMMepatyp- 
Had 1la3Ma B YCTaHOBKaX CTesapaTOp WH TOKaMak 
npeactaBsaet COOoK O4eHb CO*KHbIM OObEKT UCCIIE0- 
BaHHA, M HApALYy C PaCCMOTPeHHBbIM 31eCb MCXAaHH3MOM 
HeyCTOHYHBOCTH B Heli MOFyT pa3BHBaTbCA Apyrue 
THMbI KONeOaHHii, B YaCTHOCTH, MOHHbI 3ByK [58, 
59]. TlosTomy J1d OKOHYATeEIbHOFO pellleHHsA BOMpOca 0 
MeXaHH3Me «aHOMAaJIbHO» yTe4YKH YaCTHL H3 pa3ps- 
OB TakOrO THMa TpeOylOTCA NONMOJHHTEJIBHbIC HCCIe- 
OBaHHA. 


15. 3aksno04eHHe 


Utak, npoBpoaa aHaslornio c Typ6yeHTHO KOHBeK- 
uve OObIYHOH %KHAKOCTH, yaaeTcCA C eHHOM TOUKH 
3peHHsa OOBACHHTb « AHOMAJIBHY!HO » AK¢pdpy3Hto 11a 3MBbI 
B JIOBYLUKe C MarHHTHbIMM MpoOKaMH HM B pa3psaze c 
MpOOJbHbIM MarHUTHbIM NoseM. Hao cka3aTb, 4TO 
Bompoc 06 «aHOMaJIbHOH» Auddy3HH M1a3MbI More- 
peK MarHHTHOrO TOA BO3HHK OBOJbHO aBHO. 
Bnepsbie OH Obi NocTaBseH Bomom [60], koToppiii 
o6paTH BHHMaHHe Ha TO, 4TO HasH4He KOJIeOaHHii B 
CHJIbHO «34MarHH4eHHOU» Tyla3Me MOXKeT MpHBecTH 
K 3Ha4HTCJIBHOMY YBeJIMYCHHIO YTe4KH [11a3MbI Mone- 
pek MarHuTHOrO noms. Bom nonaran, 4TO B Takoii 
HeCTalMOHapHOH 1a3Me NOTOK 4acTHL MO-mpexHeMy 
NponoplwouaseH rpagveHTy nmuOTHOCTH q=—DrVn, 
npHiem KoxppuuMeHT Typ6yneHTHOK gHddy3uu OH 
NpHHA paBHbiIM Dr=—A(cT/eH) (A~10-'). Bom 
BbIOpasl 3TO BbIpaxeHHe H3 CooOpaxeHHii pa3Mep- 
HOCTH, H€ HMesA B BHY Kakoro-H60 KOHKpeTHOrO 
Me€XaHH3Ma BO30yxKeCHHA HM NOAMepxKaHHA KOeOaHHit 
B mila3Me. [losTOMy CO3qaBaslaCcb MJIIKO3KA yHHBep- 
CaJIbHOCTH 3TOFO KOIPPuUKeHTa DHPdpy3uu. 

B jeiicTBUTeIbHOCTH, KaK 3TO BHAHO XOTA GbI 43 
pa3oOpaHHbix B HacTosuei paG6oTe mpumMepos, yHH- 
BepCcaJIbHOrO KOIPpuUHeHTA DHy3HH He CyLUeCTByeT. 
Bosiee Toro, ecuM KOe6aHHA Na3MbI BOSHHKAHOT 3a 
C4eT €€ HEOJHOPOAHOCTH, TO CaMO NOHATHE KOIpDH- 
UHeHTa QMPpy3HH CTaHOBHTCA 4YHCIO (bOpMaJIbHbIM: 
BenmunHa Dr = <Av,') np 3TOM CaMa 3aBHCHT OT 
rpaveHTa MOTHOCTH MH MOxeT O6bITb onpeneseHa 
TOIbKO MOcye NOMHOTO pelieHHA 3aga4H C y4eTOM 
BCeX TpaHH4HbIX YCJIOBHil. 
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Uro KacaeTCA yTe4YKH 4acTHL, TO B KaxKOM KOH- 
KpeTHOM CJIy¥ae OHA ONpeesAeTCA CBOMM CneuMdu- 
yeCKHMM M€X&aHH3MOM HeyCTOHYHBOCTH H B 3aBHCH- 
MOCTH OT 3TOFO MeXaHH3Ma MOXKeT H3MCHATBCA B 
caMbIX LIMpOKHxX mpegenax.* Tlostomy Bonpoc o 
npHutHax HM BeJIMYHHe «aHOMAJIbHOH » nuddy 3H B TOK 
WIM HHOM SKCNeCPMMeHTaJIbHOH yCTaHOBKe CBOMTCA 
k BONpocy O TOM, C 4eM CBA3aHa HeyCTOMYMBOCTb 
11a3MbI H KAKOB Me€XaHH3M MOUNMTKH KONeOaHHii. 

Bsuay CAOXKHOCTH BOMpoca O HeJIMHeHHbIX KOJIe- 
6aHHAX Ma3Mbl pelllatoulee COBO MpHHaJiexuHT, 
pa3yMeeTCA, IKCIICpHMeHTY, KOTOpbIii BOsxKeH 160 
oTBeprHyTb, HOO NOATBEpAMTh Ty HJIK HHYHO TeopeTu- 
yeckylO MOJeJIb. MMeHHO H3-3a NOMHOTO OTCYTCTBHA 
COOTBETCTBYIOLUMX IKCICPHMeCHTAaJIbHbIX JAaHHbIX MbI 
oOOLIJIM MOJIUAHHEM HHTepecHblii BONpOC O CTpyKType 
camo TypOyNeHTHOCTH, T.e. O cnekTpe KoueOaHHit Mu 
nepelaye SHEprHH OT OAHHX NysbcauMi K Apyrum. 
B HacTOALee BpeCMA ITH BOMpPOCkI AMCKYTHpy!oTcs, 
rlaBHbIM 06pa30M, B MIpHMeHeHHH K acTpodu3Hke Cc 
TOUKH 3peHHA reHepallMH MarHHTHOFO MOJIA B XaOTH- 
yeCKH JBHXKYUIMXCA MCXK3BE30HbIX OOsIakax. OaHako 
TypOyeHTHOe JBHxKeHHe OONakoB, ABIIAIOUIeeCA 10 
cyTH Weyia Cle CTBHeM THApOAMHaMH4eckon HeycToi- 
YABOCTH TeYeHHH, MajO OTIMYaeTCA OT TypOyseHT- 
HOCTH OObI4MHOH 2%xKHMOKOCTH. JiByMepHad DHaMarHuT- 
Had KOHBCKIMA MJla3Mbl HH3KOTO aBJICHHA HU, TEM 
6onee, TOKOBO-KOHBeCKTHBHad TypOyJIeHTHOCTh OTJIH- 
yakOTCA, KOHCYHO, rOpa3a0 SoubuiMM cBOeobpa3nieM. 
[osTOMy H3y4eHHe CTPyKTypbI ITHX, a TakxKe ApyrHx, 
6onee TOHKHX, TypOyeHTHBIX COCTOAHHH m1a3Mbl 
MOKET OKa3aTbCA OYCHb LWCHHbIM IA BbIPAaGOTKH 
HekoTOporo Gosee oOulero B3riaga Ha NpHpory 
TypOyJIeHTHOrO COCTOAHHA TeKYYHX Cpes. 
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NUCLEAR FUSION 1 (1961) 


LETTERS TO EDITOR 


ANGULAR MOMENTUM RELATIONS FOR PLASMAS 
IN MAGNETIC FIELDS 


Controlled thermonuclear fusion research has pro- 
duced volumes of experimental results [1, 2, 3]. 
Plasmas in magnetic fields have been found generally 
to be unstable; the nature of the instability depends 
on many factors, such as the configuration of the 
magnetic field, heating process, etc. Indeed the litera- 
ture lists instabilities of many different types, any one 
of which suffices to destroy a plasma. 

During the observed lifetime of a plasma, the 
phenomenon of rotation has been noted, leading to the 
question whether this affects the stability in any way, 
either beneficially or otherwise. There is interest also 
in the nature of the rotation itself. For example, at 
the Conference on Plasma Physics and Controlled 
Nuclear Fusion Research (Salzburg, Austria, Sep- 
tember 1961) Dr. Peter Thonemann raised the question 
whether a plasma produced by injection of energetic 
particles from an external source might be different 
in its stability properties from a plasma that is heated 
while being contained in a magnetic field. 


This communication represents the discussion of 


the writer presented at the Conference in response to 


Dr. Thonemann’s question. It describes allocations of 


the canonical angular momentum of a plasma con- 
fined by a magnetic field in terms of the ion and 
electron temperatures, particle density, observed 
rotation, and electric fields. Such identification on a 
physical basis of the portions of the canonical angular 
momentum seems to be useful in predicting what may 
occur when the plasma is heated in various ways. 
Because of the necessary rotation of the plasma (as we 
shall see below), centrifugal forces occur which add 
various complications. Also, sheaths may form at the 
boundaries of the plasma, depending on the density, 
which affect the nature of the rotation. 

As an introduction to the present situation, the 
Einstein-de Haas [4] effect (see Fig. 1) is an interesting 
example of the invariance of total angular momentum: 
when a magnetic field is established so as to change the 
magnetic moment of a specimen, the latter experiences 
a mechanical torque impulse. It has been found 
experimentally [5| that, within the limits of measure- 
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ment, the mechanical torque impulse which results 
from magnetizing a specimen of iron is independent 
of the location of the source of magnetic field; that 
is, the specimen system receives the same (measured) 
mechanical torque impulse whether the magnetizing 
coil is attached to the specimen or is supported 
separately. 

When a plasma is magnetized (having a diamagnetic 
moment, of course), effects of a similar nature occur, 
although the situation is more complicated because 
the particles are not bound together in a rigid body. 
Also, electric fields develop in general, as will be 
discussed below. The quantity which is conserved is 
the canonical angular momentum. (This consists of 
electromagnetic as well as mechanical angular mo- 
mentum.) 

Because practically all proposed fusion machines 
possess some sort of cyclindrical symmetry, we shall 
specify our “‘system”’ to be a plasma in the form of a 
cylinder, confined by magnetic lines of force taken 
to be closed on themselves without intersecting 
material walls. The boundary of the system is a closed 
surface S, chosen so that no lines of magnetic flux 
cross its surface. We assume for convenience that the 
plasma initially is in a stable condition having negli- 
gible radiation and particle Space-charge 
neutrality is assumed within the volume of the plasma; 
the density of singly-charged ions nj is equal to the 
density of electrons ne. A plasma sheath may be 
present at S. The material wall of the ‘external 
universe” is cylindrical and coaxial with the plasma 
axis. 

As reference coordinates we select cylindrical, the 
z-axis coinciding with the axis of symmetry. The 
other two coordinate axes, r and @, have their con- 
ventional significance. The canonical angular mo- 
mentum of the system will be referred to the z-axis. 

The expression for the canonical angular momentum 
is well-known. For the present case of cylindrical 
symmetry, with A» representing the $-component of 
the vector magnetic potential, ¢ representing the 
electric charge and m representing the mass, the 
canonical angular momentum of a particle in a 
magnetic field is: 


losses. 


Ps -mr26 + erAy (1) 
Ag Aor (2) 


For the particles of a plasma we make the obvious 
sum: 


» mj r;* 0; Jp t+ Ja (3) 
S ej Vj Aoj Jim (4) 
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The angular momentum of the plasma particles 
with respect to their guiding centers is 


r 
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where L denotes the axial length of the plasma; 
e denotes the particle charge (positive for singly- 
charged ions and negative for electrons); x (r, v) 
denotes the radial and velocity dependence of charge 
density; B(r) denotes the radial dependence of the 
actual magnetic field; mj and me, denote the ion and 
electron masses respectively; On/dv is the slope of the 
density distribution in velocity space, with v repre- 
senting velocity perpendicular to magnetic lines of 
force; subscripts i and e refer to ions and electrons. 
The integral 


represents the thermal kinetic energy associated with 
motion perpendicular to magnetic lines of force, and 
is denoted by k7’. Hence we have [6]: 


Jp [[4z rn L/ Be\ (mk T; — mek Tej dr. (7) 
0 


The drift angular momentum of the plasma is 
given by: 


r 

Ja = |2nrr?nL [mj + me] [E x B/B?\| dr. (8) 
0 

The electromagnetic angular momentum is given by: 


rT 
Jm =| 207? LE x B/4nc?|dr. (9) 
0 
The preceeding Eqs. (7), (8), (9) are convenient 
inasmuch as they describe the portions of the canonical 
angular momentum of the system. If the angular 
momentum with respect to guiding centers Jp in- 
creases because of heating, it must be counterbalanced 
by drift angular momentum of the plasma Ja plus 
electromagnetic angular momentum Jm. Both Ja 
and Jm require the presence of the electric field E. 
The change in Jp, which may occur in the particle 
motions throughout the plasma, must be counter- 
balanced by effects within those regions where the 
electric field E exists. 
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Fig. 2 


For the cylindrical system that we are considering, 
we need to take into account the effect of centrifugal 
forces produced by the rotation associated with the J4 
term, and also the effect of polarization resulting from 
drift motion, which may alter the electric field 
distribution. There is the question whether “slip- 
stream instabilities’ arise which may tend to force 
the plasma to rotate as a solid body. 

These considerations are quite complicated, and too 
lengthy for inclusion in the present remarks. It may be 
appropriate, however, to sketch the nature of some 
of the phenomena by considering the idealized case 
of a “slab” plasma in a magnetic field, as indicated 
in Fig.2, for which centrifugal forces are absent. 
We are interested in the effects that occur when this 
plasma is heated. 

The magnetic field B is directed out of the plane 
of the paper; the plasma extends indefinitely in the 
x and z directions, and is of thickness 2d in the y 
direction. The coordinate system is chosen so that 
the plasma boundary is located at y= +d. 

As previously, we make a number of simplifying 
assumptions, taking the plasma to be initially electri- 
cally neutral; at each point the density of positive 
charges equals the density of negative charges, and at 
the boundary the Larmor radii of the positive and 
negative charges are assumed to be equal. We assume 
that the density of guiding centers is constant through- 
out the plasma, and that no currents flow in the 
interior of the plasma. Thus initially the plasma is 
assumed to be quiescent, stable, homogeneous, with 
no currents or electric fields in the interior, and with 
negligible diffusion. 

Now let us suppose that the plasma is heated, for 
example by heating the electrons only, without affecting 
the ions. After this heating process, there is an excess 
negative charge at the boundaries y= +d, and a 
deficiency of negative charge in the region of y=0, 
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Fig. 4 

as shown in Fig. 3. Thus an electric field E is set up 
having the direction from y=0 to y= +d, and from 
y= 0 to y=—d. Accordingly, the plasma experiences 
the ‘‘crossed-field drift’? E x B/ B?= V,. The magnitude 
of the electric field HE is k7T'/d, where k7' represents 
the heating increment. It is seen that the direction 
of the plasma drift is in the positive x-direction for 
y positive, and in the negative x-direction for y nega- 
tive, giving a drift angular momentum in the opposite 
direction to the angular momenta of the electrons 
with respect to their guiding centers. 

The drift motion of the plasma produces a charge 
separation, as indicated in Fig. 4. This charge separa- 
tion, arising from the drift motion, causes cancellation 
of the electric field in the interior of the plasma. 

Thus the situation evolves, in the present idealized 
case, as indicated in Fig. 5, which shows a sheath of 
thickness 6. The electric field E exists across the 
distance 6, having magnitude approximately k7'/d, 
with E being substantially zero within the interior 
of the plasma. 

Clearly, the plasma drift motion produces a velocity 
distribution in the region of the sheath; that is, the 
outer regions of the plasma have drift motion, while 
the interior regions do not. This situation, which is 
the result of heating the plasma, can be expected to 
produce a “‘slip-stream”’ instability. A similar con- 
clusion, even though complicated by centrifugal- 
force effects, applies to actual experimental situations. 

Returning now to the cylindrical configuration, let 
us consider the implications of Eq. (7). We have just 
seen that a change in the quantity Jp requires a 
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ANGULAR MOMENTUM RELATIONS 


compensating change in Jqg and Jm. But the change 
in Ja produces, in general, a slip-stream instability. 
Thus one may conclude that the governing parameters 
are (mik7';—m_-kT,)/B. In a device like the stellarator, 
for which B is essentially constant during the heating 
process, the equipartition of energy between ions and 
electrons means that the angular momentum of the 
ions is far greater (by the ratio of ion to electron mass) 
than that of the electrons. On the basis of the ele- 
mentary analysis so far presented, it appears that the 
plasma of a stellarator should be unstable during 
any heating process, regardless of how the heating is 
achieved. Furthermore, the disturbance to the plasma 
depends, according to Eq. (7), on B-!. Experimentally, 
behavior of this nature seems to be observed. 

In contrast to the stellarator case, a mirror machine 
employing adiabatic compression as the heating 
process should not suffer from the slip-stream in- 
stability described above. The constancy of the 
magnetic moment of the plasma particles implies 
also that the angular momentum is constant; hence 
there is no change in Jp, Ja, or Jm. 

In situations like DCX and OGRA, for which 
particles have angular momentum derived from ex- 
ternal sources, the conclusions of the present analysis 
are not directly applicable. But because no heating 
process occurs, one would not expect velocity-shear 
situations to develop. 

For rare plasmas, meaning situations for which 
Jm exceeds Ja appreciably, a change in Jp can be 
compensated by a change in Jm without need for 
drift motion. In such cases, no slip-stream instability 
is expected. 
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LETTERS TO EDITOR 


TORQUE ON A PLASMA IN TERMS OF MAGNETIC 
STRESS 


A feature of current interest in induction pinches 
[1, 2,3], is the very rapid rotation of the plasma 
deduced from photographs taken with a framing 
camera at intervals of about + us. It is importaut 
to note that this method of measuring the rotation 
depends on the existence of a sufficient departure 
from axial symmetry of the plasma, so that its change 
of orientation can be detected. In fact, when rotation 
is observed, it is often followed by an instability, such 
that one or more jets is ejected from the plasma. 
Often the plasma breaks into two parts (Boprn, 
private communication). It must also be emphasised, 
that what is proved by the observations is that the 
outline of the plasma rotates, and that this could be 
compatible with some kind of wave motion in which 
the plasma as a whole did not rotate, and in which 
the total angular momentum of the plasma could be 
zero. It can be said that when the plasma breaks in 
two, it appears to have angular momentum. This 
note is restricted to the question of how the plasma 
could acquire angular momentum, and is further 
restricted to electromagnetic mechanisms for the 
transfer of the angular momentum (an “‘explanation” 
could be got by assuming a strong friction with the 
walls for electrons, weak for ions). 

To express the electromagnetic contribution to the 
transfer of angular momentum, the well-known 
theory of the Maxwell stress tensor is adapted. The 
result is in fact just the vector product with r of the 
expression for a force on a finite body, but the required 


transformations are given in the following string of 


equations. The origin for the position vector ris 
arbitrary. From the Lorenz force the torque @ on 
an arbitrary volume is given by 


G = [(gE + 1x2) x rd. (1) 
Substitute : 
4xo = div E 
4xj =c curl B — E (2) 


and use the identities 


[(V-E)E x rdV = 6(Exr) B-d8— [[(E-V) B] x rdV 
—(E-V)E = Ex (Vx BE)—1V(E) 
(V x B) x B= 


(B-V) B—1V(B) 
| ((B-V)B] x rdV = @ (Bxr)B-d$ 


[V (22+ BY) x rdV = & (B+ Bex dS, (3) 


to obtain 


8rG = d 


125 ' Paeennae | 
pe | (BXE) x rdV + > (E+ B)rxd8 
| O(Exr)E-d8 + (Bxr)BdS (4) 


Under hydromagnetic conditions it is expected 
that the terms involving E will be small, because 
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E~uB/ce where u is some characteristic velocity, 
which is much less than c. The first term can be 
regarded as the rate of change of the angular mo- 
mentum of the electromagnetic field. This is generally 
small because the ratio of the moment of inertia of 
the field to the moment of inertia of the plasma is 
of order B?/4ryuc*, where uw is the mass density of 
the plasma, or V,?/c?, where Va is the Alfvén speed 
and is usually much less than c. The terms involving E 
therefore have the form of relativistic corrections 
when the conditions are hydromagnetic. In the ex- 
periments with induction pinches these terms should 
be small, unless the current density becomes so big 
that the electrons reach a velocity approaching the 
velocity of light, in which case the Hall effect would 
cause an electric field whose strength would approach 
that of B. 

Even though rotation of the plasma cannot be 
observed when the plasma is axially symmetric, it is 
useful, for the sake of simplicity, to consider the 
torque on an axially symmetric volume about its 
axis of symmetry. The origin must be taken on the 
axis of symmetry. Then r and d§ both lie in the meri- 
dian plane and the second term in the right hand side 
of Eq. (4) must be perpendicular to the axis of sym- 
metry and hence gives no contribution to the torque 
about the axis of symmetry. Then the right hand side 
reduces to its last term, which may be written, 
The important conclusion is that, to obtain a torque, 
introducing cylindrical coordinates r, 9, z, as Or By B-d8 
Be must not vanish on the surface considered. If the 
field is axially symmetrical, it then follows that 
current must flow through parts of the surface, and 
it is difficult to escape the conclusion that current 
must flow in a circuit which is partly in the tube wall 
and partly in the plasma. If the current circuit were 
excluded from the wall, angular momentum would 
merely be transferred to the central body of plasma 
from the outer part of the plasma. Although the tube 
is made of insulating material, K. V. Roberts (see [1}) 
has pointed out that its inner surface will be made 
conducting by bombardment with all kinds of exciting 
radiations from the plasma. 

I am indebted to Drs. Niblett and Bodin for in- 
formation about the experiments and for checking 
the intelligibility of this note. 
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ABSTRACTS IN ENGLISH 


Relativistic plasma, BeHRamM KursunoG iu (Department of Physics, University of Miami, Coral Gables, Florida, 
U.S.A.). Nuclear Fusion 1 (1961) 213—223 


The relativistic transport equation for a one-particle distribution function is discussed. Transverse and 
longitudinal oscillations of a low-density plasma in the absence of external fields is considered by neglecting 
the collisions. Relativistic dispersion relations are derived and compared with non-relativistic theory. 


Acceleration of plasma by traveling electromagnetic waves, J. Katzenstern (University of New Mexico, New 
Mexico, U.S.A.) Nuclear Fusion 1 (1961) 224—232 


A type of plasma accelerator is proposed in which the plasma is confined in a magnetic field in the form of 
an accelerating cusp, the confinement obtaining through the combined action of the magnetic field and the 
equivalent gravitational field of the acceleration. The accelerating cusp is produced by a transient wave on 
a suitable transmission line of constant characteristic impedance and increasing velocity of propagation. 
Such a transmission line is in the form of a tapered solenoid suitably loaded with distributed capacitance 
to preserve constant characteristic impedance. An order-of-magnitude calculation of the performance of such 
a line is made and it is found that a line 3 m long with a characteristic impedance of 12.6 ohms and an applied 
voltage of 300 kV can accelerate 107 deuterons to 50 keV energy. Several possible experiments on the con- 
finement of hot plasmas using such an accelerator are described. 


Diagnostics of the confinement and heating of a plasma by a rising axial magnetic field (orthogonal pinch), 
J. W. Matuer (University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A.) 
Nuclear Fusion 1 (1961) 233—256 


Heating and confinement of a deuterium plasma by a rising axial magnetic field in cylindrical geometry is 
investigated as a function of applied voltage, mirror ratio (Rm), discharge tube material and tube shape for 
several scaling geometries at a given aspect ratio D/L = 0.44. Diagnostic methods include internal and external 
magnetic probes, fast streak photography and magnetic flux and neutron measurements. Magnetic probes 
show the existence of trapped reverse fields and the subsequent intermixing of plasma and field during the 
second half and later compression cycles. Plasma confinement from the walls during the second and third 
half discharge cycle is inferred from streak photographs and the duration of neutron production. As the 
mirror ratio is reduced to ~1, the yield and duration of neutron production increases while plasma end 
streaming is enhanced. Azimuthal asymmetries in the axial field in the mirror are associated with neutron 
production. Reducing the 6-asymmetry to ~1°, reduces neutron production by a factor of ~3. The main 
effects of the small field perturbations may be explained in terms of the nonuniform formation and detachment 
of the current sheath from the discharge tube walls. This can lead to the influx of wall impurities which may 
account for the lower nuclear yields. 


A parameter study of magnetic compression of plasmas with end losses, A.C. Kots, W. R. Faust, 
A. D. ANpERson (United States Naval Research Laboratory, Washington, D.C., U.S.A.) 
Nuclear Fusion 1 (1961) 257—263 


Numerical calculations of the adiabatic compression of a collision-dominated plasma in finite, single-turn 
coils have been carried out with the initial § and plasma state as parameters. The end losses drastically 
influenced the character of the discharge, as is observed experimentally. However, the measured heating rate 
for the electrons is much higher than predicted, pointing to an additional heating mechanism, presumably 
involving the dissipation of an initially trapped reverse magnetic field in the plasma. 


Energy distributions of protons in DCX, C. F. Barnett, J. L. Dunwap, R. 8. Epwarps, G. R. Haste, 
J. A. Ray, R. G. Rerynarpt, W. J. Scutitt, R. M. Warner, E. R. Wetis (Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, U.S.A.) Nuclear Fusion 1 (1961) 264—272 


wla 


A particle spectrometer has been used to measure the energy distributions of neutral hydrogen atoms escaping 
from the 300 keV proton storage ring in DCX as the result of electron capture collisions between trapped 
protons and background gas molecules. A portion of the atoms were converted to protons by passage through 
an argon-filled gas cell, and the proton beam was then electrostatically analyzed. Energy distributions of the 
circulating protons were obtained by transformations applied to the measured distributions. 


For both gas and carbon arc dissociation the energy distributions were strong functions of the injected H,* 
current and the location of the region of sampling relative to the median plane. A number of curves are shown 
illustrating these dependences. 


With are dissociation, the circulating protons lost energy at a rate of about 20 keV/ms with 0.1 mA injected 
current, and at a rate twice this value when the current was increased to 2.3 mA. Most of the 20 keV/ms loss 
rate is believed to be due to coulumb collisions of the circulating protons with electrons in the dissociating 
arc. This loss rate is within a factor of two of that calculated on the basis of loss to electrons of a Maxwellian 
distribution, well within the accuracy of the arc parameters used in the calculation. Several mechanisms that 
might account for the additional energy loss rate at higher currents are suggested, but details of the origin 
of this loss are as yet unclear. The additional energy loss had the consequence of decreasing the mean storage 
time of the circulating protons. 


Measurements with gas dissociation also showed an increase in the rate of energy loss with injected current. 
With either are or gas dissociation, the response of the energy distributions to changes in injected H,* current 
indicated the presence of a non-collisional dispersing mechanism which increases in importance with 
increases in injected current. The nature of this mechanism is not clear. 
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The structure of the Astron E-layer, L. Tonks (Lawrence Radiation Laboratory, University of California, 
Livermore, California, U.S.A.) Nuclear Fusion 1 (1961) 273—279 


The structure of the field-reversing layer of circulating relativistic electrons which constitutes the plasma 
trap of the Astron has been calculated self-consistently using a model embodying the simplifying assumptions: 
(1) uniformity over an infinite length so that end-effects are absent, (2) uniformity of impressed field, i.e., 
no plasma diamagnetism, (3) dynamical friction from the trapped plasma but no scattering, (4) no radiative 
energy loss, (5) absence of instabilities, and (6) the structure can be initiated. Assumptions (1), (5), and (6) 
are the most questionable. In the model monoenergetic electrons appear uniformly on a cylindrical surface 
of radius r, with no radial velocity, all travelling at the same polar angle. The impressed magnetic field is 
defined by a, the radius of the helix executed in that field. The dynamical friction is defined by the constant 
v=Bdy/dt where p= v/c=(7? 1)'/2/y and » is proportional to plasma density. The energy degradation is 
slow enough for the structure to be viewed as a steady-state ensemble with the number of electrons in any 
small energy-momentum interval inversely proportional to the rate of slowing down there. ; 


In the initial-energy range defined by 10 < P, = (y?— 1)"?< 80 a basic parameter is G=r,/a—the larger G, 
the tighter the electrons tend to spiral relative to the layer diameter. At any value of G greater than about 
1.2, increasing the “injection rate’’ does indeed cause field reversal. An initial steep traversal through zero 
is followed by a region of slow increase—a quasi-plateau—as the electrons cease to penetrate to the axis 
and become confined to an ever-thinner layer lying inside r,. This might well constitute the working region. 
The useful range of G appears to be from about 1.3 to 2.5 irrespective of P,. (Beyond this the ratio of 
reversed-to-impressed field exceeds 0.75 and the mathematics produces physical unrealities.) For S, the 
“injection rate’, the useful range is roughly 0.8 to 1.6 at the low G and 3.8 to 4.6 at the high. For S = 2 and 
a plasma density of electrons of 10'5, the electron injection rate is 0.32 mA/cem length of E-layer. 


Plasma production by the trapping of energetic atoms, C.C. Damm, A. H. Futcu, F.Gorpon, A. L. Hunt, 
E. C. Popp, R. F. Post, J. F. Srernnaus (Lawrence Radiation Laboratory, University of California, Livermore, 
California, U.S.A.) Nuclear Fusion 1 (1961) 280—285 


The production of a hot plasma by the injection of streams of energetic atoms into a confining magnetic field 
is discussed. The experiments described are directed towards injection of 20-keV hydrogen or deuterium atoms 
into a magnetic mirror field. The results of some numerical calculations of the plasma growth to a steady- 
state in a constant magnetic field are presented, including the calculation of the spatial distribution of the 
trapped ions. In these calculations, the primary trapping mechanism is the ionization of beam atoms by trapped 
ions and electrons. Parametric values are assigned to approximate the experimentally attainable conditions. 
The indicated equilibrium densities are in the range of 10'/em*, at B= 1°, with typical growth times of a 
few seconds, if the final density is determined by ion-ion scattering into the mirror loss cone. 


The practical achievement of a hot plasma by this injection method depends upon maximizing the trapping 
rate, and minimizing the particle loss due to charge-exchange scattering. Severe requirements are therefore 
placed on the atomic beam intensity and the gas density in the confinement region. Some of the requirements 
on the build-up conditions imposed by plasma stability considerations are also discussed. 


Progress toward meeting the technological requirements is described. A highly collimated beam of hydrogen 
atoms in excess of 5 x 10'? atoms/s at 20-keV energy has been produced. The cross-sectional area of the beam 
is 20 em? at a distance of 360 cm from the source; the half-angle divergence is less than 10 milliradians. 
Vaccum techniques have been developed to achieve base pressures in the 10-'° mm Hg range without extensive 
bakeout procedure. At the same time pumping speeds exceeding 10° 1/s for hydrogen are available. 


A method of trapping the energetic atoms by means of a transient “‘cold”’ plasma is also discussed. This pro- 
cedure greatly increases the initial plasma growth rate. The plasma density attainable depends upon the 
beam intensity, vacuum, and cold plasma density, the latter two being time-dependent. The generation of 
a suitable cold plasma is described. 


Turbulent convection of a plasma in a magnetie field, B. B. Kapomtsry (J. V. Kurchatov Institute for Atomic 
Energy, Academy of Sciences, Moscow, U.S.S.R.) Nuclear Fusion 1 (1961) 286—308 


314 


In this work, the known analogy between the convection instability of a normal liquid and one of the most 
dangerous forms of plasma instability in a magnetic field—the so-called convective, or commutation 
instability—is extended to include the non-linear flows arising as a consequence of instability. In the first 
section, the turbulent convection of a plasma in traps with magnetic mirrors and in a discharge, with a 
longitudinal field of moderate strength, is examined. An explanation is furnished in this way of a number 
of peculiarities in the behaviour of a plasma in experimental devices of this type. The second section deals 
with convection arising in a plasma in the presence of a longitudinal current. It is shown, that on the basis of 


the current convection mechanism, it is possible to explain the anomalous diffusion of plasma in a positive 
column. 
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RESUMES EN FRANCAIS 


Plasma relativiste, BenRamM KursunoGuu (Département de physique, Université de Miami, Coral Gables, Floride, 
Etats-Unis d Amérique ) Fusion nucléaire 1 (1961) 213—223 


L’auteur étudie l’équation relativiste de transport pour une fonction de distribution pour une particule. Il 
considére les oscillations transversales et longitudinales d’un plasma de faible densité en l’absence de champs 
extérieurs, sans tenir compte des collisions. I] établit les relations relativistes de dispersion et les compare 
aux résultats obtenus & l’aide de la théorie non relativiste. 


Aceélération du plasma au moyen d’un train d’ondes électromagnétiques, J. Katzenstern (Université de New 
Mexico, Etats-Unis d’ Amérique) Fusion nucléaire 1 (1961) 224—232 


L’auteur propose un modéle d’accélérateur de plasma dans lequel le plasma est confiné dans un champ 
magnétique de forme cuspidée, le confinement résultant de l’action combinée du champ magnétique et du 
champ d’attraction équivalent dai a l’accélération. L’accélération du plasma dans le champ cuspidé est 
produite par une onde transitoire sur une ligne de transmission appropriée, d’impédance caractéristique con- 
stante et de vitesse de propagation croissante. Cette ligne de transmission a la forme d’un solénoide conique 
dans lequel des résistances convenablement réparties maintiennent une impédance caractéristique constante. 
L’auteur a calculé lordre de grandeur du rendement de cette ligne et il a constaté qu’une ligne de 3 métres 
de long, d'une impédance caractéristique de 12,6 ohms, & laquelle on applique une tension de 300 kV, peut 
accélérer 10'7 deutérons jusqu’é une énergie de 50 keV. Il décrit plusieurs expériences sur le confinement des 
plasmas chauds au moyen d’un tel accélérateur. 


Confinement et chauffage d’un plasma par un champ magnétique axial ascendant (striction orthogonale), 
J. W. MaTuer (Université de Californie, Laboratoire scientifique de Los Alamos, Los Alamos, New Mexico, Etats- 
Unis d Amérique) Fusion nucléaire 1 (1961) 233—256 


Le chauffage et le confinement d’un plasma de deutérium par un champ magnétique axial ascendant, en géo- 
métrie cylindrique, sont étudiés en fonction de la tension, du rapport de miroir (Rm), du matériau du tube 
a décharge et de la forme de ce tube pour plusieurs dimensions géométriques différentes mais restant dans 
le rapport («aspect ratio») D/L = 0,44. Les méthodes de diagnostic comprennent l'emploi de sondes magnéti- 
ques internes et externes, la photographie ultra-rapide et les mesures du flux magnétique et des neutrons. Les 
sondes magnétiques révélent existence de champs inversés piégés et le mélange ultérieur du plasma et du 
champ pendant le deuxiéme demi-cycle de compression et les demi-cycles suivants. Le confinement du plasma 
pendant le deuxiéme et le troisiéme demi-cycle de décharge est suggéré par des photographies par caméras 
ultra-rapides et de la durée de production des neutrons. A mesure que le rapport de miroir est ramené vers 
lunité, la durée de production et la quantité de neutrons augmentent, tandis que |’écoulement terminal du 
plasma s’intensifie. Les asymétries azimutales du champ magnétique axial du miroir sont associées & la 
production des neutrons. Quand l’asymétrie azimutale est réduite 4 1%, la production des neutrons est 
réduite des deux tiers. Les principaux effets des faibles perturbations du champ peuvent s’expliquer en 
fonction de la formation non-uniforme de la gaine de courant et de son détachement des parois du tube a 
décharge. Ce phénoméne peut entrainer l’afflux d’impuretés provenant des parois, ce qui peut étre la cause 
des faibles rendements nucléaires. 


Etude paramétrique de la compression magnétique de plasmas avee pertes terminales, A.C. Kos, W. R. Faust, 
A. D. ANpERSoN (United States Naval Research Laboratory, Washington, D.C., Etats-Unis d’ Amérique) 
Fusion nucléaire 1 (1961) 257—263 


Les auteurs ont calculé numériquement la compression adiabatique d’un plasma & collision dans des bobines 
finies, & une seule spire, en prenant comme paramétres la valeur initiale de f et état initial du plasma. Les 
expériences ont montré que les pertes terminales modifient profondément le caractére de la décharge. Cepen- 
dant, le taux mesuré d’échauffement des électrons est trés supérieur aux prévisions, ce qui laisse supposer qu’ il 
existe un processus d’échauffement supplémentaire se rapportant probablement & la dissipation dans le plasma 
d’un champ magnétique inversé initialement piégé. 


Distribution d’énergie des protons dans la machine DCX, C. F. Barnett, J. L. Duntap, R. 8S. Epwarps, 
G. R. Haste, J. A. Ray, R. G. Reryuarpt, W. J. Scum, R. M. Warner, E. R. WEtts (Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, Etats-Unis d’ Amérique ) Fusion nucléaire 1 (1961) 264—272 


On a utilisé un spectrométre 4 particules pour mesurer la distribution d’énergie des atomes d’hydrogéne 
neutre s’échappant d’un anneau de protons piégés & une énergie de 300 keV, dans la machine DCX, a la suite 
de collisions avec capture d’électrons entre les protons piégés et les molécules du fond gazeux. Une partie de 
ces atomes d’hydrogéne sont ensuite transformés en protons par passage & travers une cellule gazeuse con- 
tenant de l’argon; c’est le faisceau de protons ainsi obtenu qui fait lobjet de l’analyse électrostatique. On 
ealcule les distributions d’énergie des protons en faisant subir des transformations convenables aux distribu- 
tions mesurées. 


Dans le cas de la dissociation par impact gazeux comme dans le cas de la dissociation dans un are au carbone, 
les distributions d’énergie sont des fonctions & variante élevée de l’intensité du courant d’ions d’hydrogéne 
diatomique et de l’emplacement occupé par la région ou se trouve I’échantillon mesuré par rapport au plan 
médian. Un certain nombre de courbes jointes au mémoire illustrent ces relations. 


Avec la dissociation dans un are au carbone, le taux de perte d’énergie des protons circulants est d’environ 
20 keV/ms lorsque le courant d’ions injectés a une intensité de 0,1 mA; ce taux prend une valeur double lorsque 
lintensité du courant du faisceau est portée & 2,3 mA. On pense que la plus grande partie du taux de perte 
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d’énergie (égal & 20 keV/ms) est imputable aux chocs coulombiens entre les protons circulants et les électrons 
de Vare qui produit la dissociation. Cette valeur du taux de perte est inférieure au double de la valeur obtenue 
en calculant la perte aux électrons avec une distribution maxwellienne, soit une différence bien inférieure a 
la marge de précision des paramétres de l’are utilisés dans les calculs. Les auteurs proposent plusieurs théories 
pour expliquer augmentation du taux de perte d’énergie lorsqu’on augmente lintensité du courant, mais 
ajoutent que lon ne connait toujours pas avec précision lVorigine de cette perte. La perte supplémentaire 
d’énergie a pour conséquence de diminuer le temps moyen de piégeage des protons circulants. 

Les mesures faites en utilisant l'appareil dans lequel la dissociation est produite par impact avec les atomes 
d'un gaz mettent également en évidence une augmentation du taux de perte d’énergie lorsqu’on augmente 
Vintensité du courant injecté. 


Avec les deux procédés de dissociation, la maniére dont la distribution d’énergie varie avec lintensité du 
courant dions d’hydrogéne diatomique injecté révéle Vexistence d'un mécanisme de dispersion sans collision 


dont importance augmente lorsqu’on augmente l’intensité du courant injecté. On ne sait pas au juste quelle 
est la nature de ce mécanisme. 


’ 


Structure de la couche E dans la machine Astron, L. Tonks (Université de Californie, Livermore, Californie, 
Etats-Unis d@ Amérique) Fusion nucléaire 1 (1961) 273—279 


La structure de la couche d’électrons relativistes circulants inversant le champ, qui constitue le piége & plasma 
de la machine Astron a été caleulée d’une maniére self-consistante, & l'aide d’un modéle fondé sur les simpli- 
fications suivantes: (1) uniformité sur une longueur infinie de sorte qu'il n’y ait pas d’effets terminaux; 
(2) uniformité du champ magnétique appliqué, c’est-a-dire pas de diamagnétisme de plasma; (3) friction 
dynamique venant du plasma piégé, mais pas de diffusion; (4) aucune perte d’énergie radiative; (5) absence 
dinstabilités et (6) possibilité de former initialement la structure de la couche. Les hypothéses (1), (5) et (6) 
sont les plus contestables. Dans ce modéle, les électrons monoénergétiques arrivent d’une maniére uniforme 
sur une surface cylindrique de rayon r, sans vitesse radiale et se déplacent tous sous le méme angle polaire. 
Le champ magnétique appliqué est défini par a, rayon de lhélice parcourue dans ce champ. La 
friction dynamique est définie par la constante »=fdy/dt ot B= v/e = (y?—1)'2/y et vest 
proportionnel a la densité du plasma. La décroissance de l’énergie est suffisamment lente pour que 
la structure puisse étre considérée comme un ensemble stationnaire dont le nombre d’électrons dans n’importe 
quel petit intervalle énergie-quantité de mouvement est inversement proportionnel au taux du ralentissement. 


ristique plus grande est la valeur de G, plus serrée est la spirale des électrons, par rapport au diamétre de 
la couche. A n’importe quelle valeur de G supérieure & 1,2, augmentation du «taux d’injection» provoque 
linversion du champ. Aprés une brusque descente passant par zéro, vient une zone d’accroissement lent 
un quasi-plateau lorsque les électrons ne pénétrent plus vers l’axe et se confinent dans une couche de plus 
en plus mince & l’intérieur de r,. Il se pourrait que ce soit la région de travail effective. Le domaine utile de 
G semble étre compris entre 1,3 et 2,5, quel que soit Py. (Au dela, le rapport du champ inversé au champ 
appliqué dépasse 0,75 et les résultats mathématiques donnent lieu & des invraisemblances physiques). Pour 
le «taux d’injection» S, le domaine utile est compris, en gros, entre 0,8 et 1,6 pour des G peu élevés et entre 
3,8 et 4,6 pour des G élevés. Pour S = 2 et une densité d’électrons de plasma de 1015, le taux d’injection des 
électrons est de 0,32 mA/em pour la couche EL. 


Dans la gamme des énergies initiales définie par 10 < Py) = (y?—1)!* < 80, G=r,/a est un paramétre caracté- 


Production de plasma par le piégeage d’atomes énergétiques, C.C. Damm, A.H.Futcu, F. Gorpon, 
A. L. Hunt, E. C. Popp, R. F. Post, J. F. Srerynaus (Université de Californie, Livermore, Californie, Etats- 
Unis d’ Amérique) Fusion Nucléaire 1 (1961) 280—285 


Les auteurs étudient la production d’un plasma chaud par injection d’atomes énergétiques dans un champ 
magnétique de confinement. Les expériences décrites ont pour objet linjection d’atomes d’hydrogéne ou de 
deutérium de 20 keV dans un champ de miroirs magnétiques. Les auteurs présentent les résultats de quelques 
caleuls numériques sur la croissance du plasma jusqu’&é un état stationnaire, dans un champ magnétique 
constant, y compris le calcul d’une distribution spatiale des ions piégés. Dans ces calculs, ionisation d’atomes 
du faisceau par des ions et des électrons piégés constitue le mécanisme de piégeage primaire. On attribue 
des valeurs aux paramétres de maniére & se rapprocher des conditions expérimentalement réalisables. Les 
densités d’équilibre indiquées sont de ordre de 10'4/em*, & B~1°, avee des temps de croissance caractéris- 
tiques de quelques secondes, si la densité finale est déterminée par des diffusions ion-ion dans le céne de perte 
du miroir. 


La réalisation pratique d’un plasma chaud par cette méthode d’injection dépend de la possibilité de rendre 
maximum le taux de piégeage et minimum la perte de particules due aux diffusions par échange de charges. 
On impose done des conditions sévéres en ce qui concerne l’intensité du faisceau atomique et la densité de gaz 
dans la région de confinement. Les auteurs examinent aussi quelques-unes des conditions imposées pour des 
conditions de stabilité du plasma. 


Ils décrivent aussi des progrés accomplis pour répondre aux exigences technologiques. Ils ont pu produire 
un faisceau d’atomes d’hydrogéne bien collimaté de plus de 5 x 107 atomes/s & 20 keV. La section du faisceau 
est de 20 cm? & une distance de 360 cm de la source. La moitié de langle de divergence est inférieure a 
10 milliradians. Des techniques de vide ont été mises au point pour arriver 4 des pressions de l’ordre de 10-!® mm 
de mercure sans recours & des piéges plus développés. Simultanément, des vitesses de pompage dépassant 
10° I/s pour ’hydrogéne ont été réalisées. 


Les auteurs examinent également une méthode pour piéger les atomes énergétiques au moyen d’un plasma 
«froid» transitoire. Ce procédé augmente d’une facon appréciable le taux de croissance du plasma initial. La 
densité de plasma réalisable dépend de lintensité du faisceau, du vide et de la densité de plasma froid, ces 
deux derniers facteurs étant fonction du temps. Enfin, les auteurs décrivent la maniére de produire un plasma 
froid approprié. 
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B. B. KADOMTSEV (Institut I. V. Kourtchatov 


Moscou, U RSS) 
Fusion nucléaire 1 (1961) 286—308 


Convection turbulente du plasma dans un champ magnétique, 


ie de Vénergie atomique, Académie des sciences de V Union sovietique, 


ction d'un liquide ordinaire et l'une des formes les plus dangereuses de 
instabilité dite de convection ou de commutation 

sous l'effet de Vinstabilité. Dans la premiére partie 
es piléges i bouchons magnétiques et dans une 
eurs particularités du 


re L’analogie entre linstabilité de conve 
linstabilité du plasma dans un champ magnétique 

PS est étendue aux courants non linéaires qui se forment 
te lauteur examine la convection turbulente du plasma dans | 
décharge & champ longitudinal dintensité modérée. Il parvient ainsi & expliquer plusi 
comportement du plasma dans les installations expérimentales de ce genre. Dans la seconde partie il étudie 
la convection qui apparait dans le plasma en présence d’un courant longitudinal. Il montre que le mécanisme 
d'une telle convection contribue a expliquer la diffusion «anomale» du plasma de la colonne positive. 
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AHHOTALIUVMW HA PYCCKOM A3bIKE 


PenaTupuctckas nia3ma, b. KYPCYHOTJIY (®u3zuueckoe omdeaenue, yuueepcumem Maiiamu, Kopaa I eiibac. 
@Paopuda, CIITA) Anepupii cunTte3 1 (1961) 213—223 


OG6cyxnaeTCA PeNATMBUCTCKOe ypaBHeHHe MepeHoca WIA dbyHKUMH pacnpeneneHHA OAHOK YacTHUbI. PaccmaTpuBaiotca 
NpOMOMbHbIe HM NONepeynbie KOeEGaHHA M11a3MbI HA3KOM MJICTHOCTH B OTCYTCTBHKM BHEWHUX None nu Ge3 yyeTa Coynapennii, 
BbiiM BbIBECHbI PesJIATHBUCTCKHE JMCIeEPCHOHHbIe COOTHOLUCHHA, KOTOPbI€ CPaBHHBaIHCb C HEPeIATMBUCTCKON Teopueli. 


Yeckopenne n1a3Mbi GeryuiMMH 9J1eKTPOMarHHTHbIMH BOJIHAaMH, JDK. KATLIEHIUTEMH ( Yaueepcumem 6 How 
Mexcuxo, Hoto Mexcuxo, CILIA) Anepupii cunte3 1 (1961) 224—232 


Ipeanaraetca THM M1a3MeHHOTO YCKOPHTeJIA, B KOTOPOM YCKOpseMas [11a3Ma YepxKHNBaeTCA B MarHHTHOM Moule C OCTpo- 
KOHeE4YHOH reOMeTpHeii, NpH4eM yaepxaHHe AOcTHraeTcaA GnarogzapsA COBMeCTHOMY JeiiCTBHIO MarHUTHOrO MONA MW IKBH- 
BasJIeHTHOrO TpaBHTalMOHHOrO MONA yckopeHua. B none c OCTpOKOHeYHOK TreoMeTpHei Na3Ma yCKOpAeTCA NpoxoAAued 
BOJIHOH, PacnpocTpaHsoUleiica Yepe3 COOTBETCTBYIOLUYIO JIMHHKO MepewaiH C MOCTOAHHbIM 3Ha¥e€HHeM XapaKTepHcTu- 
yecKOrO MMMewaHca MH BO3pacTalolle CKOpOCTbIO pacnpocTpaHeHHA. Takas JIMHHA Nepenayn HMeeT POPMy COOTBeETCTBY- 
KOWWHM O6pa30M HarpyxXeHHOrO Cyx*Karouleroca comeHOHMa C pacnpeneseHHOM EMKOCTbIO JIA COXpaHeHHA MOCTOAHHOrO 
XapakTepHcTHYecKOrO HMMeaHca. IipoBezeHo BbINHCeHHe NOpAAKa BeMYHH paOoyero pexuMa TaKO JHHHMM MH OOHapy- 
%*KeHO, 4TO JIMHHA LIMHOK 3 MeTpa C XapaKTepHCTHYeCKHM MMMenaHCOM 12,6 oma Np HanpsxKeHHH Ha Hei 300 KB Moxet 
ycxoputb 10!’ netitepoHos go 9Heprun 50 k9B. JlaeTca ONMCaHHe HECKOJIBKHX BO3MOXHbIX IKCUEPHMEHTOB NO yepxaHuo 
ropsyeH ma3Mbl C MCNOJb3OBAaHHEM TaKOrO yCKOpHTesA. 


Uccuieqopanna yiepxKanna MH HarpeBa 11a3Mbl B HapacTalouleM aKCHaJIbHOM MarHHTHOM nose (Oproronaibuniii 
nun4), JK. Y. MATEP (Kaaugbopnuiicxuii ynueepcumem, Jloc Aaamocckaa Hnayyxaa sabopamopua, Jloc 
Aaamoc, How Mexcuxo, CIA) Anepusii cunte3 1 (1961) 233—256 


Harpes uv ynepxanHue eiTepveBO N1a3MbI HapacTarOUlMM aKCHaJIbHbIM MarHHATHbIM MOsJIeM B LKJIMHApHyeckouw TeOMeTpHHn 
uCCuIeMyeTCA B 3ABHCHMOCTH OT HalipsxeHHA, KOIXppuUNeHTa OTpaxeHHA (Rm), MaTepvana pa3panHOu Tpy6Ku HM copMspt 
TpyOKH (JIA HECKOJIbKUX Pa3HOMACLITAOHbIX TreOMeTPHii NP 3a0aHHOM OTHOWWeCHHH AWaMeTpa KaTYWIKM K ee JUIMHE 
D/L= 0,44. Metoabi uccnenoBaHHs BKIOYaIOT BHYTPeHHHe MH BHELIHHeE MarHHTHble 30HbI, CBEPXCKOPOCTHY!IO doTopa;3- 
BePTKY M H3MePpeHHA MarHHTHOrO NOTOKa MH HeTpoHOB. MU3mepeHua C MarHHTHbIMH 30HAMH YKa3bIBalOT Ha HasiM4ne 
3aXBa4¥eHHbIX OOpaTHbIX none MW Mocuenyroulee NepemMewiMBaHHe Ma3Mbl HK MONA BO BpeMA BTOPOrO Nosynepuvona u 
NOCHeMyIOWIMX NOsynepHonos cxKaTHA. V30nAUMA Na3MbI OT CTEHOK BO BPeMA BTOPOFO KH TpeTbero NOuyNepHona pa3- 
PANHOFO WHKa BbIBODHTCA Ha OCHOBAHHH CBEPXCKOPOCTHOK oTOpa3BepTKH H H3 MPOMONKUTEMbHOCTH BbIXONa HeHTPOHOB. 
Tak Kak KO3puuUKeHT OTPaxKeHHA yMeHblaeTcA 0 ~I1, TO BO3PacTaeT BbIXO VW NPOAOMKUTeENbHOCTA OOpaz0BaHHA 
HeHTPOHOB Mp OJHOBPpeMeHHOM YBeJIMYeHHH YTeYKH M1a3Mbl Ha KOHUAaX. A3HMYTalbHad aCHMMeTpHA B Tpobo4HOM 
akCHaJIbHOM Nose Bz cBa3aHa C BbIXONOM HeliTpoHa. YMeHbIeHKe a3MMyTaJIbHOH acHMMeTpHH DO ~1°, yMeHbuaeT 
BbIXO HeMTPOHOB NPHMepHO B TPH pa3a. OcHOBHbIe 3pdexTbi HEOONbUIMX BO3MYLUCHHH NOMA MOryT GbITb OObACHEHBI 
HEOAHOPOAHOCTbIO O6pa30BaHHA MH OTPbIBA TOKOBOH OGONOYKM OT CTeEHKH pa3panHOM TpyOKu. DITO MOxeT NpHBECTH K 
MOCTYMICHHIO MIpHMeceli CO CTCEHOK, 4TO MOXKET OOLACHHTL YMEHbIeCHHe AEPHOTO BbIXONAa. 


Ilapametpuueckoe H3y4eHHe MarHHTHOrO CxKaTHA 111a3M Cc HoTepaMH Ha KOHWax, A. K. KOJIB, B. P. MOCT, 
A. JI. AHJEPCOH (Hccaedosameseckan aabopamopus BM® CIA, Bawunemon, CIITA) 


Anepupii cunte3 1 (1961) 257—263 


TipopoaMsince YHCJICHHbIC paceTbi anuaOaTu4eckoro CKATHA M1a3Mbl, B KOTOpOH npeo6nanarot coydapeHHsA, HaxolsA- 
wieicaA B KOHCYHbIX OJHOBUTKOBbIX KaTYLUIKAaX C HCNOJIb3OBAHHEM HaYaJIbHbIX 3HaYeHHH f HavanbHbix COCTOAHHH M1a3MbI 
B Ka4ecTBe MapaMeTPoB. DKcnepHMeHT noKa3aJ1, YTO NOTEPH Ha KOHLAX OKA3bIBAOT CHJIBHOC BJIAAHHE Ha XapakTep pa3pxAda. 
OnHako U3MepeHHadA CKOPOCTb HarpeBa WICKTPOHOB HAMHOTO BbILLUC nmpeicKa3aHHoHn, 4TO YKa3bIBaeT Ha CYLLUCCTBOBaHHe 
MONONHUTEJIbHOrO M€XaHH3Ma HarpeBa, KOTOPbIi, NO-BUJUMOMY, HaXOJIHTCA B CBA3KH C PaCCCAHHeEM TCPBOHAYAJIBHO 3aXBa- 
YeHHOTO o6paTHoro MarHuTHOrO TOJIA B M1a3mMe. 


Pacnpejeenne npoToHoB HO 2HepruH B ycraHoBke DCX, C. ®. BAPHET, JK. JI. JIAHJIEM, P. C. DABAPIIC, 
r. P. XEMcT, JK. A. Pon, P. T. PEMHXAPAT, Y. JK. Ww, P. M. YOPHEP, E. P. Y3J1IC ( Oxpudocxaa 
HayuoHaAbnasn Aabopamopua, Oxpudsie, Tenneccu, CIA) Anepupii cuute3 1 (1961) 264—272 


CnekTpometTp YacTHL MCNONb30BAaJICA DIA UIMEPeHHA 9HeprerH4eckoro pacnipeneseHHA HeiiTpanbHBIX aTOMOB BOZOpoma 
M3 HaKOMMTeENbHOrO KOJIbUAa ycTaHOBKH DCX, conepxxallero NpoTOHbi c 9Heprvei 300 K9B, BLINeTAaFOWIMX 3a C4YeT COya- 
PeHHii C 3aXBATOM 3ICEKTPOHOB, MPOWCXOAALIMX MexKDY 3aXBaYeHHbIMH MPOTOHAMH MH MOJIeKyJIaMH OCTaTOYHOrO 1a3a. 
UacTb aTOMOB MpeBpalliaacb B NPOTOHbI MPH NpOXOxKAeHHHM Yepe3 ra3OBylO KaMePy, 3aNOHEHHY!O aproHOM, Mocse yero 
NYYOK MPOTOHOB aHasIM3HPOBAasICA BIEKTPOCTAaTHYeCKHM CMOCOOOM. DHepreTHYeCcKOe PacnpeueneHve BPalarOuHxcA Npo- 
TOHOB B kKOsIbuUe GBLIO NONyYeHO NyTeM nmpeoOpazoBaHHA H3MepeHHOrO pacnpeneneHuaA. 


DuepreTuyeckoe pacnpenesenve Kak JIA QMCCOUMALIMK B raze, TaK MW DA DMCCOWMALMH Ha yrONbHOM Ayre HaxODHTCA B 
6onbwok 3aBHCHMOCTH OT TOKa MHKeCKTMHpOBaHHbIx H,* wv mMecta oT6opa npo6 OTHOCHTeNbHO cpenHei MIOCKOCTH. 
Tloka3aH PA KPHBbIX, WIIFOCTPHpyIOWIHX ITH 3ABHCHMOCTH. 


Tipu auccouMauMn Ha Ayre CKOpOCTb NOTepH JHEP BPAalilatOWWMXCA B KOJIbLIC NPOTOHOB COCTaBAeT MpHMepHO 20 KB 
/MMJIIMCeKYHYy Mp MHXKeKTHpyeMoM Toke 0,1 MusnMaMnepa UW BABOe Gombe NPM yBeHYeHHH TOKa DO 2,3 MusiMamMnepa. 
Bosbuiad yacTb 39TOM NMOTepH IHEprMM, KaK MONaratwT, OGycNOBNeHa KYJIOHOBCKHMM CTOJIKHOBCHHAMH BPpalllarOulHXxca 
MPOTOHOB C 3IEKTPpOHaMH B AKCCOWMUMpyrouel Ayre. DTa ckKOpocTb NoTepH 9HEprHH He Goree 4eM B DBa pa3a OTIMYAETCA 
OT PaCC4HTAHHOH Ha OCHOBe NOTeEPH Ha IICKTPOHbI C MaKCBEJIJIOBCKHM pacnpeneneHHeM H MONHOCTbIO HaxXODHTCA B 
nmpenesax TOYHOCTH MapaMeTPOB Ayr, MCNONb3OBaHHbIX MpH pacueTax. Ilpennox*KeHbl HEKOTOPbIe MeXaHH3Mbl, KOTOPbIe 
MOryT OOBACHHTL JONOJHUTEIbHYHO CKOPOCTL NOTepH IHEPrHH pH GoubWIMX 3HAYCHHAX CHJIbI TOKA, HO NMPH4HHbI NOAB- 
JIGHHA ITHX NOTepb Bce ellie He ACHbI. JIOMONHUTeENbHbIe NOTEPH IHEPrHH MPHBOAAT K YMCHbLILIeCHHIO CpeuHerO BpeMeHH 
ylepxKaHHA MpOTOHOB B HaKOMUTeJIbHOM KOJIbLIC. 
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MU3mepenna AMCCOLMALINK Ha faze MOKA3AJIN TaKxKe BOSPaCTaHHe CKOPOCTH NOTCPH IHEP C YBCJINYCHHEM TOKA HHXKEKLIMH. 
Tipu JAMCCOLMALIWH Kak Ha ra3e, TaK WH Ha Ayre PesyJIBTHPyroulee IHEPreTH4ecKOoe Paciipelesenne B 34BHCHMOCTH OT TOKa 
HHKCKTHPYeMbIx H.,* YKa3biBanlO Ha HaJIM4He MCXaHH3Ma PaCCCAHHA IHCPrHu 6e3 coy JapeHuii, poub KOoTOporO BO3pacTaeT 
C YBCJIMYCHHCM HHXCKTHPyeMOTO TOKa. Ipupona 3TOTO M€XaHH3Ma ABJIACTCA HeEACHOH. 


Crpyktypa E-caoa B «Actpone», JI. TOHKC (Paduayuonnaa aadopamopua um. Jloypenca Kaaugbopnuiicxozo 
ynueepcumema, Jlueepmop, wm. Kaaugbopnua, CIITA) Anepupii cunte3 1 (1961) 273—279 


BbinonHeH CaMOCOrlaCOBaHHbIi pacueT CTPyKTYPbI CJIOA WAPKYJIMPYIOUIHX PeJIATHBUCTCKHX WIEKTPOHOB, H3MCHAIOUINX 
HampaBsieHHe MarHHTHOFO NOJIA KH CO3MalOWIMX YCNOBHA IIA 3aXBaTa 11a3Mbl B YCTaHOBKe « ACTPOH» Ha OCHOBe MOJIEJIH, 
BKHOYaOWeH CeayoOulMe ypOllarouiMe NpesnonoxeHuA: (1) OAHOPOAHOCTh NO BCeH AIMHe BILIOTh 20 GeckoHeYHOCTH, 
TaK 4TO MPH ITOM OTCYTCTBYIOT KOHUeBbIC 9XpdeKTbI; (2) OAHOPOMHOCTh NPHOXRKeHHOrO MONA, T.e. OTCYTCTBHeE MMa- 
MarHeTH3Ma B M1a3Me; (3) HAaNMYHe AHHAMHMYECKOTO TPeHHA, CBAZAHHOTO C 3AXBAYeCHHOH M1a3MOHK, HO OTCYTCTBHE paccesHHA; 
(4) oTcyTcTBHe NOTepb 2HeEprHu Ha u3Ty4eHHe; (5) OTCyTCTBHe HeycTOHM4HBOCTeH ; (6) BOSMOXHOCTL NepBOHAYaIbHOrO CO3- 
manus cTpyKktypbl. IIpeanonoxenua (1), (5) u (6) aBnatorca HanGonee COMHHTe/IbHbIMH. JIA DaHHOH MOEN C4MTaeTCA, 
4YTO MOHOSHEPIeTHYeCKHE WICKTPOHbI KMCHOT OJHOPOAHOS pacnpeseneHne Ha WIKJIMHApH4ecKOH MOBEPXHOCTH PaHyca rp, 
oG6nagatoT HyeBOK panvalbHOH CKOpOCTbIO HM BCe ABHTaloTCA MOM OAHHM HUH TEM Xe TNONAPHbIM yIJIOM. 
IIlpunoxeHHoe MarHHTHOe Moe ONpesenAeTCA PaNHYCOM CIMpasv a, COOTBETCTBYIOWIMM aHHOMy nome. JivHamMuH- 
yeckoe TpeHHe ompemensetca Kak KOHCTaHTa v = fdy/dt, roe f = vie = (y? — 1)'*/y uw » nponopunoHanbHo 
MMIOTHOCTH Tla3Mbl. YMeCHbUIeHHe 3IHEPrHH MPOKCXOAMT MOCTAaTOYHO MeVICHHO Asia Toro, 4TOOLI MOxHO 65110 
PacCMaTPHBaTb CTPpyKTypy KaK YCTaHOBHBLUKCA HIM KBa3MCTaUMOHapHbili aHCAaMOJIb, COCTOALIMM H3 PAA WIEKTPOHOB C 
m406bIM MaJIbIM MHTePBaJIOM IHEP H MMNyAbCOB, O6paTHO NPONMOPUMOHANbHbIM CKOPOCTH YMCHbLICHHA IHEPrHH B 
39TOM HHTepBasie. 


2 


B o6nacTH Ha4asbHbix 9HeprHii, OnpenensembIx Kak 10< Py = (y?— 1)''?< 80, ocHosHou napameTp ectb G=r,/a. Han6onb- 
wee 3Ha¥eHHe G cooTBeTCTByeT HaHGonee OAM3KOMY PAaCNONOXKeHHIO BWICKTPOHOB, KOTOPbie CTPeMATCA ABHIaTbCA nO 
CnMpasiM C AMaMeTpOM, paBHbIM MaMeTpy cu10a. Tipu n1060M 3Ha¥eHHH NapameTpa G, Gonbuiem npu6nu3uTenbHO 1,2, 
HMeeT MECTO BO3PAaCTaHHe “CKOPOCTH HHXKEKUMM», NPHBOAALUIee K NOABNeEHHIO OOpaTHOrO nonsA. 3a OONacTbIO MeAIeHHOrO 
HapacTaHHuA — KBa3HIIaTO — CneayeT NepBOHatasIbHOe KPyTOe NPOXOxXAeHHe Yepe3 HOJIb, KOFMa IIEKTPOHbI NepecTawtT 
JOCTHIaTb OCH M HAYHHAIOT YAeCP%XKMBATbCA B CBEPXTOHKOM CJ10€, Je%KallleM BHYTPH ry. ITOT COM MOXKET CYHTATLCA XOPOLIO 
cdopmMuposaHHoi paGoyvei oGnacTbio. TlopugumMomy, oOsacTb nNpHrogaHbix 3Ha¥eHHH G 3aknioyeHa NpHONH3HTeEbHO 
oT 1,3 n0 2,5 He3aBHCHMO OT 3Ha4eHHi P,. (BHe mpenenos xToH OGnacTH OTHOWeHKHe OGpaTHOrO NONA K NpPHIOKeHHOMY 
nmpepbimaet BemuunHy 0,75 uv MaTeMaTHYeCKHe Pac4eTbI NPHBOAAT K Mu3HYeCKH HepeanbHOMy cyy4aro.) Jina BeNM4YHHbI 
S — «ckOpocTb HWHxKeKUMH» OONaCTb NPHrOAHbIX 3HaYeHHH rpyGo 3aKnOYeHa Mexay 0.8 wu 1,6 NpH MasbIxX 3Ha¥eHHAX G 
v4 Mexay 3,8 1 4,6 — npv Gonbumx. Jian S= 2 uw nHOTHOCTH 3NeKTpOHOB B n1a3Me 10°, cKOpocTh HHXKEKUMM 31EKTPOHOB 
papusetca 0,32 ma/cm asiMHbI E-croa. 


lloay4enne 1a3MbI C HOMOUIbIO 3axBaTa Gbicrppix aTomos, C.C. JIAMM, A. X. ®yTY, ®. TOPIOH, 
A. JI. XAHT, E. C. Monn, P. ®. MOcT u JK. ®. CTEAHXAYC ( Paduayuonnas saabopamopua um. Jloypenca, 
Kaaugbopnuiicxuii ynueepcumem, Kaaugopuua, CIITA ) Anepupii cunte3 1 (1961) 280—285 


B noknage o6cyxaaeTca nosy4eHHe TopA¥eH 11a3Mbi MYTCM HHKEKUMH NOTOKAa ObicT PbIX 2TOMOB B YJCPXUBAlOllice MarHuT- 
Hoe nose. OnucaHHbie 9IKCIEPHMECHTbI AMEJIN LiCJIbIO MHKEKTHPOBAHHe BOJOPOJHbIX HIM DedTepHeBbIX ATOMOB C 9HEprHel 
20 k3B B JIOBYLUKY C MarHHTHbIMH npoOkamMu. IlpenctaBsieHbi Pe3yJIbTaTbl HCKOTOPbIX 4YHCJICHHbIX PaC4eCTOB NO HaKOMJICHHIO 
111a3Mbli 10 CTAGHABHOFO COCTOAHHA B MOCTOAHHOM MarHHTHOM Moule, BKIHO4aA Pac4eT MPOCTPaHCTBeHHOTO paciipeleneHna 
3AXBaYeHHbIX HOHOB. CormacHO 3ITHM pacieTaM, OCHOBHbIM MCXaHH3MOM 3aXBaTa ABJIACTCA HOHH3IALMA ATOMOB Ily4kKa 
3aXBaYeCHHbIMH HOHAMH HW DWICKTPOHAaMH. 


IapametpaM NpunuceiBatoTca 3HayeHHA, NPHONMxKAaOUIMeECA K IKCIEPHMEHTAJIbHO MOJIYYCHHbIM YCJIOBHAM. YKa3aHHbie 
PaBHOBECHbie MIOTHOCTH HaxOAATCA B AMana3oHe 10'* cm~* npu f~ 1°, c THOMYHbIM BPeMeHeM HapacTaHHaA, PaBHbIM HECKOJIb- 
KMM CeKYHaM, CCM KCHC4YHAaA MIOTHOCTh ONpenesAeTCA paccesHHeM HOHOB Ha MOHAX MH NOMawaHHeM B KOHYC MOTepb. 
IlpakTu4eckoe noslyyeHHe rops4eii 11a3MbI Np TaAKOM MeTOe HHXKCKLMH 3ABHCHT OT MAKCHMA@JIbHOrO YBEJINYCHHA CKOPOCTH 
3axBaTa H YMCHbLUCHHA NOTePb 4aCTHL, OGyCAOBIMBaeMbIX PaccesHHeM BCEACTBHeE NepesapadkH. MlosroMy npeAbABIAIOTCA 
TpeOoBaHHA K HHTCHCMHBHOCTM ATOMHOrFO My4kKa MH MWIOTHOCTH ra3a B OOacTH yoepxaHHA. PaccMarpHBaloTCA TakxKe HeKO- 
TOpbie TpeGoBaHHA K YCJIOBHAM HaKOIMMJICHHA, KOTOPbie AMKTYIOTCA COOOpaxeHHAMHM YCTOMYMBOCTH M1J1a3MbI. 

OnucaHbl ycnexv B BbINOJIHEHHH TexHOJOrM4eCcKHX TpeOoBaHHi. TlonyyeH XOpOWO CKOANMMHMpOBaHHbIA My4OK aTOMOB 
Bonopona (Gonee 5-10!’ atomos/cex) npu 9Heprun 20 k9B. Ilnouwlangb ceyenua myyka coctasuna 20 cm? Ha paccTosHHH 
360 CM OT HCTOYHHKa: 3HaYeHHe NOMOBHHHOTO yrsia pacxoxaeHHA MeHee 10 Mpa. Pa3pa6oTaHa TexHONOrMA NONyYeHHA 
BakyyMa, KOTOPaA NO3BOKa JOCTHYb HayasibHoro gapsieHus 10~'° mM prt. ct. 6e3 mpuMeHeHHA NporpeBa cucTeMBI. B TO 
*Ke BPCMA CKOPOCTh OTKa4YKH MpeBbiuana 10° n/cek oa BOROpOna. 


PaccmaTpuBaetca Takxe MCTO 3axBaTa ObICTpbIx aTOMOB IPH NOMOLIK NpoxonzAuieh «“xXONOAHOK M1a3MbI ». DroT MeToOn 
3HAYHTCJIbHO YBCJIMYHBaeT NePBOHAYaJIbHylO CKOPOCTb HaKOMJICHHA M1J1a3MbIl. JlocruraeMas MAOTHOCTb M1a3Mbl 3aBMCHT 
OT HHTCHCHBHOCTH Tyika, BaKYYMa HU MIOTHOCTH XOJIONHOH Ma3Mbl, a DBE MOCCMHHeE BEJIMYMHbI 3aBHCAT OT BPpeMecHH. 
OnucaHb cnoco6bi NONYYeHHA COOTBETCTBYIOWWIeCH XONOHOH M1a3MbIl. 


Typ6y.1eHTHad KOHBeKUMA 1.1a3MbI B MarHHTHOM note, b. B. KAJIOMLUIEB (Mucmumym amomunoii snepeuu um. 
WY. B. Kypuamoea Axademuu Hayx CCCP, Mocxea, CCCP) Anepubii cunte3 1 (1961) 286—308 


B Hactoswei paSote H3BeCTHaA aHaJIOTMA M@XY KOHBEKLUIMOHHOM HeyCTOMYHBOCTLIO OGBIYHOM *KHIKOCTH HW OJHUM H3 
HanOosee ONACHbIX BAJOB HEYCTOMYMBOCTH 11a3MbI B MaTHHTHOM Mose — Tak Ha3biBaeMOl KOHBEKTMBHOH, MIM NepecTaHo- 
BOUHOH, PpacnipocTpaHsAeTCA Ha HeEIMHeMHbIe TEYeHHA, BOSHMKAIOWIHE BCIENCTBHe HeycTOM4MBOCTH. B nepBoi yacTH paboTbI 
paccmMaTpuBaetca Typ6yeHTHaA KOHBCKLIMA Mla3Mbl B JOBYLUKaX C MarHHTHbIMH NpoOKaMH HM B pa3pate C yMePeHHbIM 
MPOONbHbIM MoseM. Ha 3TOM nyTH yaaeTcaA OObACHHTS pan OCOGeHHOCTeH NOBENEHHA M1a3Mbl B IKCNEPMMEHTAJIBHBIX 
ycTpoiictBax Takoro Tuna. Bo BTropoii 4acTH pacCMaTPHBaeTCA KOHBCKUMA, BOSHMKAIOWIAA B M1a3Me MPH HasIM4HM MpONOIIb- 
Horo TOKa. Iloka3aHO, 4YTO Ha OCHOBe Me€XaHH3Ma TOKOBOM KOHBEKUMH MOXHO OOBACHHTL “aHOMA@JIbHYHO» LMddy3Hto 
T1a3Mbl NOMOXKUTeEIbHOrO cToNGa. 
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RESUMENES EN ESPANOL 


Sobre un plasma relativista, B. KuRsuNoGLU (Departamento de Fisica, Universidad de Miami, Coral Gables. 
Florida, Estados Unidos) Fusion Nuclear 1 (1961) 213—223 


El autor examina la ecuacioén relativista del transporte para una funcién de distribucién de una sola particula. 
Considera las oscilaciones transversales y longitudinales de un plasma de baja densidad, sin campos externos, 
despreciando las colisiones. Deduce. relaciones de dispersién relativista y las compara con las establecidas 
mediante la teoria no relativista. 


Aceleracién de un plasma mediante ondas electromagnéticas progresivas, J. KatzENsTEIN (Universidad d¢ 
Nuevo México, Nuevo México, Estados Unidos) Fusién Nuclear 1 (1961) 224—23? 


E] autor propone un tipo de acelerador de plasma en el cual el plasma se encuentra confinado en un campo 
magnético en forma de cispide aceleradora; el confinamiento se obtiene por la accién combinada del campo 
magnético y del campo gravitatorio equivalente de la aceleracién. La cuspide aceleradora se origina por e| 
efecto que ejerce una onda transitoria sobre una linea de transmisién adecuada, de impedancia caracteristica 
constante y creciente velocidad de propagacién. La linea de transmisién tiene forma de solenoide cénico, 
cargado en forma apropiada con una capacitancia distribuida de modo que se conserve constante la impe- 
dancia caracteristica. El autor calcula aproximadamente el rendimiento de dicha linea, buscando su orden 
de magnitud, y llega a la conclusién de que una linea de 3 metros de largo, con una impedancia caracteristica 
de 12,6 Q, a una tensién de 300 kV, es capaz de acelerar 10'? deuterones hasta una energia de 50 keV. Se 
describen después varios experimentos sobre confinamiento de plasmas calientes que se pueden realizar con 
el acelerador mencionado. 


Diagnésticos del confinamiento y la calefaccién de un plasma por un campo magnético axial creciente (Construccién 
ortogonal), J. W. MaTHER (Universidad de California, Los Alamos, Nuevo México, Estados Unidos) 


Fusion Nuclear 1 (1961) 233—256 
La memoria investiga la calefaccién y el confinamiento de un plasma de deuterio por un campo magnético 
axial creciente en una geometria cilindrica, en funcién del voltaje aplicado, de la proporcién de espejo (Rm). 
y del material y la forma del tubo de descarga, para diversas geometrias de parametros dimensionales variantes 
a una relacién dimensional dada didmetro/longitud = 0,44. Como métodos de diagndéstico se emplean sondas 
magnéticas internas y externas, fotografia con camara rapida de rendija y mediciones del flujo magnético 
y de los neutrones. Las sondas magnéticas muestran la existencia de campos inversos capturados y la mezcla 
subsiguiente del plasma y del campo durante el segundo semiciclo y los ciclos de compresién posteriores. De 
las fotografias con camara rapida de rendija y de la duracién de la produccién de neutrones se deduce el con- 
finamiento del plasma durante el segundo y tercer ciclo de semidescarga. Al reducir la proporcién de reflexién 
hasta ~1, el rendimiento y la duracién de la produccién de neutrones aumenta, mientras que el escape de 
plasma en los extremos se acenttia. Las asimetrias azimutales del campo magnético axial del espejo se hallan 
asociatas a la produccién de neutrones. Cuando la asimetria azimutal se reduce a 1°, la produccién de 
neutrones disminuye de dos tercios. Los defectos principales de las pequefas perturbaciones del campo se 
pueden explicar en términos de la formacién no uniforme de la lamina de corriente y de su desprendimiento de 
las paredes del tubo de descarga. Esto puede hacer que las impurezas de la pared ejerzan una influencia que 
puede traducirse en la disminucién de los rendimientos nucleares. 


Estudio paramétrico de la compresién magnética de plasmas con pérdidas en los extremos, A. C. Ko cs, 
W.R. Faust, A.D. ANDERSON (United States Naval Research Laboratory, Washington, D.C., Estados Unidos) 


Fusion Nuclear 1 (1961) 257—263 
Los autores han llevado a cabo calculos numéricos de la compresién adiabatica de un plasma de colisiones predo- 
minantes, en bobinas finitas, de una sola espira, utilizando como parametros el valor f y el estado del plasma 
iniciales. De la observacién experimental se deduce que las pérdidas en los extremos determinan acusadamente 
el cardcter de la descarga. Sin embargo, la intensidad del calentamiento electr6énico medida directamente 
es mucho mayor que la prevista, lo que induce a creer que acttia un mecanismo de recalentamiento adicio- 
nal, que quizés consista en la disipacién de un campo magnético inverso inicialmente encerrado en el plasma. 


Distribucién de la energia de los protones en el aparato DCX, C. F. Barnett, J. L. Dunuap, R. 8. Epwarps, 
G. R. Haste, J. A. Ray, R. G. Rerynarpt. W. J. Scotty, R. M. Warner, E. R. Wetts (Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, Estados Unidos) Fusion Nuclear 1 (1961) 264—272 
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Los autores han empleado un espectrémetro de particulas para medir las distribuciones de la energia de los 
atomos neutros de hidrégeno que escapan del anillo de almacenamiento de protones de 300 keV del aparato 
DCX a consecuencia de las colisiones de captura electrénica entre protones capturados y las moléculas del 
gas ambiente. Una parte de los a4tomos fue convertida en protones haciéndolos pasar a través de una célula gaseosa 
llena de argén, después de lo cual se hizo un andlisis electrostatico del haz de protones. Las distribuciones de la 
energia de los protones circulantes se obtuvieron mediante transformaciones aplicadas a las distribuciones medidas. 
Las distribuciones de la energia, para la disociacién por gas o por arco de carbono, demostraron ser funciones 
fuertes de la corriente de H,* inyectada y de la situacion de la zona de muestreo respecto del plano medio. 
La memoria muestra algunas curvas que hacen patentes estas relaciones. 


En el caso de la disociacién al arco, los protones circulantes pierden energia a la velocidad de unos 20 keV/ms 
para una corriente inyectada de 0,1 mA, y al doble de velocidad si aumenta la corriente hasta 2.3 mA. Se 
cree que la mayor parte de la pérdida de velocidad de 20 keV/ms se debe a colisiones culémbicas entre los 
protones y los electrones del arco disociante. Esta velocidad de pérdida concuerda, con un margen de aproxi- 
macién de 2, con la calculada basandose en la pérdida debida a electrones de distribucién maxwelliana, 
queda perfectamente dentro de los margenes de exactitud de los pardmetros del arco empleados en el calculo. 
Los autores sugieren varios mecanismos que podrian explicar el aumento de la velocidad de pérdida de energia 
para corrientes mas elevadas, pero los detalles de su origen no estan claros todavia. La consecuencia de esta pérdida 
adicional de energia es una disminucién del tiempo medio de almacenamiento de los protones circulantes. 
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Las mediciones efectuadas con disociacion por gas mostraron también un aumento de la velocidad de pérdida 
de la energia al aumentar la corriente inyectada. 


Tanto en el caso de la disociacién por arco como por gas, la respuesta de las distribuciones de energia a las 
alteraciones de la corriente de H,* inyectado indican la presencia de un mecanismo de dispersién independiente 
de las colisiones, cuya influencia aumenta con la corriente inyectada. Todavia no se ha aclarado la naturaleza 
de este mecanismo. 


La estructura de la capa E del Astron, L. Tonks (Universidad de California, Livermore, California, Estados 
Unidos ) Fusion Nuclear 1 (1961) 273—279 
Se ha calculado autoconsistemente la estructura de la capa del campo inversor de electrones relativistas circulan- 

tes, capa que consistuye la trampa de plasma del Astron, usando un modelo que implica las suposiciones 
simplificadoras: (1) Uniformidad en una longitud infinita, de modo que hay ausencia de efectos de borde, (2) 
uniformidad del campo utilizado, esto es, plasma no diamagnético, (3) friccién dinamica del plasma confinado, pero 

no dispersion, (4) ausencia de pérdidas de energia radiante, (5) ausencia de inestabilidades, y (6) posibilidad 

de iniciar la estructura. Las suposiciones (1). (5) y (6) son las mas discutibles. En el modelo, los electrones mono- 
energéticos aparecen uniformemente sin velocidad radial sobre una superficie cilindrica de radio r,, y todos 

se desplazan en el mismo angulo polar. El campo magnético aplicado se define por a, radio de la hélice descrita 

en dicho campo. La friccién dindimica se define por la constante » =f dy/dt donde B= vie © (7 1)'/2/, 

y v es proporcional a la densidad del plasma. La degradacién energética es lo suficientemente lenta para con- 
siderar la estructura como un conjunto estacionario donde el ntiimero de electrones en cada pequefio intervalo, 
energia-momento, es inversamente proporcional a la velocidad de moderacién en el intervalo considerado. 


» 


En el intervalo de energias iniciales definido por 10< Py= (y* 1)'/?< 80, G=r,/a es un pardimetro biasico; 
cuanto mayor es G, tanto mas apretadamente los electrones tienden a describir espirales en relacién al didmetro 
de la capa. Para cualquier valor de G superior a 1,2 el aumento de “la velocidad de inyeccién”’ produce inversion 
del campo. Un salto inicial que se pase a través de cero es seguido por una zona de aumento lento —casi una 
meseta— a medida que los electrones dejan de penetrar hasta el eje y resultan confinados a una capa cada 
vez mas delgada situada dentro de r,. Esta podria ser la regién de trabajo. Se observa que el rango util de G 
es aproximadamente de 1,3 a 2.5, nimtaiianmemante de P,. (Mas alla de este valor, la relacién de campo 
invertido a campo aplicado supera a 0,75 y el tratamiento matematico da resultados sin significado fisico). 
El intervalo util de S, “‘velocidad de inyeccién”’, es aproximadamente de 0.8 a 1,6 para los valores bajos de 
G, y de 3,8 a 4,6 para los altos. Para S—2 y una densidad de plasma de electrones de 10", la velocidad de 
inyeccién de electrones es de 0.32 mA por centimetro de longitud de la capa E. 


Produccién de plasma por captura de atomos energéticos, C.C. Damm, A. H. Furcu, F. Gorpon, A. L. Hunt, 
E. C. Popp, R. F. Post, J. F. Sternuaus (Universidad de California, Livermore, California, Estados Unidos ) 
Fusion Nuclear 1 (1961) 280—285 
Se estudia la produccién de un plasma caliente por inyeccién de corrientes de atomos energéticos en un campo 
magnético de confinamiento. Los experimentos descritos tienen por objeto conseguir la inyeecién de atomos 
de hidrégeno o deuterio de 20 keV en un campo de espejos magnéticos. Se presentan los resultados de algunos 
cdleulos numéricos acerca de la evolucién del plasma hacia un estado estacionario en un campo magnético 
constante, incluyendo el calculo de la distribucion espacial de los iones capturados. En estos cdlculos, el meca- 
nismo de captura principal es la ionizacién de los atomos del haz por los iones y electrones capturados. Se 
fijan valores paramétricos para aproximarse a las condiciones que pueden realizarse experimentalmente. 
Las densidades de equilibrio indicadas son del orden de 10'/em*, con fx 1°, y con tiempos de crecimiento 
tipicos de unos pocos segundos, si la densidad final viene determinada por una dispersién ion-ion dentro del 
cono de pérdidas de espejo. 


La realizacién practica por este método de inyeccién de un plasma caliente depende de la posibilidad de 
aumentar al maximo la velocidad de captura y reducir al minimo las pérdidas de particulas debidas a una 
dispersion por intercambio de carga. Se imponen por tanto severos requisitos en la regién de confinamiento 
para la intensidad del haz de atomos y la densidad del gas. Algunos de los requisitos impuestos en las con- 
diciones de crecimiento por consideraciones sobre la estabilidad del plasma también se discuten. 

Se describen los progresos realizados con miras a satisfacer exigencias técnicas. Se ha producido un haz fuerte- 
mente colimado de atomos de hidrégeno a 20 keV, a raz6n de mis 5 « 10'? dtomos/s. El drea de la seecién 
transversal del haz es de 20 cm? a una distancia de 360 cm de la fuente; el semi-angulo de divergencia es menor 
de 10 milirradianes. La técnica de vacio ha sido desarrollada para lograr presiones bajas del orden de 10-!° mm 
de Hg sin grandes procesos de desgasificacién. Al mismo tiempo se obtienen velocidades de bombeo por encima 
de 105 l/s para el hidrégeno. 

Se discute también un método de captura de los 4tomos energéticos por medio de un plasma “‘frio”’ transitorio. 
Este procedimiento aumenta grandemente la velocidad inicial de crecimiento del plasma. La densidad del 
plasma obtenible depende de la intensidad del haz, del vacio y de la densidad del plasma frio, siende los dos 
ultimos funciones del tiempo. Se describe la produccién de un plasma frio adecuado. 


Conveecién turbulenta del plasma en un campo magnético, B. B. Kapomrsey (Instituto de Energia Atémica 
I. V. Kurchatov, Academia de Ciencias de la Union Soviética, Mosci, Unidn de Repiblicas Socialistas Soviéticas ) 
Fusion Nuclear 1 (1961) 286—308 
En la presente memoria el autor extiende a los movimientos no lineales originados por inestabilidades, la 
conocida analogia entre la inestabilidad por conveccién en un liquido usual y una de las manifestaciones mas 
peligrosas de la inestabilidad de un plasma en un campo magnético, que es la llamada inestabilidad convectiva 
o por inversion. En la primera parte del trabajo se examina la conveccién turbulenta de los plasmas en las 
trampas de espejo magnético y en las descargas con campo longitudinal de mediana intensidad y se explican 
una serie de peculiaridades en el comportamiento del plasma en los aparatos experimentales de este tipo. 
En la segunda parte se estudian los fenémenos de conveccién que se manifiestan en un plasma en presencia 
de una corriente longitudinal y se demuestra que, basandose en el mecanismo de la conveeccién de la corriente, 

es posible explicar la difusién *‘anédmala”’ del plasma de la columna positiva. 
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Page 140 


Page 142 


ERRATA ET ADDENDA Tom | 


Table I: The values of (2 x/A) at? for examples 6, 7, 4a and 8a should read 7.7, 4.5, 0.56 and 14.3, 
respectively. All examples in Tables I and II refer to the mirror coil except 6, 6a, 7, 7a, 8, 8a. 


The first two sentences of Section 5.1 should read: ‘‘Tables I and II show seven examples (1, 4, 5, 
4a, 3b, 9b, 10b) for which (2 2/4) at?~ 1 within the limit of the experimental error, which was cal- 
culated to be as much as a factor 2 in some cases. During the implosion and oscillation phases there 
are no examples with (2 z/A) at? <1 and four examples with (2 x/A) at?> 1.” 

In Section 5.2, line 2 should read joc T;5/* n-?/8, 
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mM | 


4.3, 


i, 5, 
cal- 
here 
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